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I dedicate th is  thesis to m y M other and Father. 
Everything I am, I owe to them .
A bstract
The development and use o f membrane science and its  related 
m embrane processes have increased dram atica lly over the las t tw enty 
years or so. A lthough there has been a long h is to ry  in  the development 
o f th is  fie ld  there rem ains a great deal more research and development 
to be done. One p a rticu la r problem  is in  the testing and evaluation o f 
new or m odified membranes. M ethods and methodologies fo r testing 
exist b u t they require the use o f h igh ly  specific equipm ent and very 
h igh ly  skilled  and knowledgeable operators in  order to obta in  data o f 
any qua lity.
Investigation o f the fundam ental transpo rt properties has been 
conducted using concentration (or pressure) steps and oscilla tions in  
the source (feed side) and to m on ito r the resu ltan t response o f the test 
m embrane in  the collecting volum e (down stream ). By using  such 
m ethods it  suggested th a t a fte r in itia l investigation, m u ltip le  
determ inations o f the transport properties could be made w ith in  a 
single experim ent.
The construction  and development o f the hardware elements 
(m easurem ent cells etc.) alone was in su ffic ie n t to provide a rou tine  
m ethod o f testing. The methods used fo r the data analysis also required 
to be rou tine  b u t s till rigorous in  th e ir trea tm ent o f the experim ental 
data. I t  was the com bination o f these two com ponent parts th a t made 
the system both  pow erfu l and flexible.
One o f the objectives o f th is  cu rren t w ork was to produce a 
m easurem ent system w hich w ould be sim ple and flexib le to operate and
also a llow  sem i-skilled personnel to obta in  accurate and precise 
m embrane tra n sp o rt data on a rou tine  basis.
A  com pletely autom ated com puter controlled system was designed and 
b u ilt in  con junction  w ith  m embrane sim u la tion  software to optim ise the 
m easurem ent cell designs. The contro l hardware system  was developed 
around a com m ercial m odular interface system, B iodata MICROLINK™. 
Using on ly the com m ercial device driver supplied, a ll o f the necessary 
software fo r the control, display and processing o f the experim ental 
in fo rm a tion  was w ritte n  specifica lly fo r the tasks a t hand.
Two systems were developed around the same hardw are/softw are 
con figura tion  (a) a system fo r testing gaseous tra n sp o rt in  membranes 
and (b) a system  fo r liq u id  (solution) based transport.
There is a substan tia l lite ra tu re  o f gaseous tra n sp o rt in  m embrane 
systems, p a rticu la rly  using polym eric membranes. I t  was one o f the 
m ain objectives o f th is  w ork to study new porous ceram ic m embranes 
and to a ttem pt to determ ine the transport properties o f the th in  active 
layers e xp lic itly , both  fo r gaseous and liq u id  based transport.
The perform ance o f the systems have been thou rough ly  tested to 
ensure th a t the generated step and oscilla tory concentration waveforms 
are as close to ideal as p ractica lly  possible.
The perform ance o f the systems have also been tested using  m odel 
m em brane systems to ensure the accuracy and precision o f the 
tra n sp o rt data obtained fo r known systems p rio r to testing  new ceram ic 
membranes.
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This has been possible, as ceram ic membranes are produced in  a step 
by step fashion and by m easurem ent at each stage in  the preparation 
and a t the fin a l (composite) membrane stage, the effect due only to the 
active layer can be determ ined by the data analysis m ethods used.
Using these m easurem ent systems it  has been possible fo r the firs t tim e 
to  determ ine the tra n sp o rt properties o f the active layer o f a ceram ic 
m embrane both accurate ly and routine ly.
The systems are o f course suitab le fo r the testing o f more conventional 
m embrane types such as polym eric and charged m embrane systems 
and examples o f these are also given to show the general scope and 
app lica tion  o f the system.
In  conclusion, m easurem ent systems have been produced th a t a llow  fo r 
the to ta lly  autom ated and repeated determ ination o f the fundam enta l 
transpo rt properties o f m embranes on a rou tine  basis w ith o u t the need 
fo r h igh ly  skilled personnel.
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A lphabetica l Symbols 
a^ a c tiv ity  o f ion  A
A  Surface Area (m^ )
Aq Surface area covered by single molecule (m^ )
c, concentra tion o f substance i  (mol cm ^ )
C M olar concentra tion (mol dm ^ )
d gas m olecule diam eter (m)
Dj D iffus ion  coefficient o f substance i (cm^s^ )
Dg Surface d iffus ion  coefficient (m^s'^  )
G E lectro lyte conductiv ity  (fl^  m'^ )
I Ion ic strength
J j F lux  density o f substance i across u n it m em brane area
1 experim ental m embrane thickness (cm)
L jj Phenom enological coefficients
M M olecular w eight o f a substance (kg m ol^ )
n  num ber o f moles
Avogadro's constant (6.022x10^^ mol'^) 
p Pressure (Pa)
P Gas perm eab ility as described in  Chapter 5 (mol s'^  m ^ Pa'^  )
P S o lu tion  perm eab ility  as described in  C hapter 7 (cm s'^  )
P^y Experim enta l perm eability o f a composite m em brane
Pi, Experim enta l perm eability o f a backing layer
P  ^ C alculated perm eab ility  o f an active layer
Q Q u a n tity  o f m ateria l (mol)
V ll
r  Mean pore rad ius (m)
R Gas constant (8.314 J  m ol^ )
S E ntropy (J m ol^ K^)
t  Tim e (s)
T  Tem perature (K)
V  Volum e (m^)
X Generalised membrane thickness (cm)
X  Generalised d riv ing  force
Greek Symbols 
a D is trib u tio n  coefficient
Knudsen separation factor (Chapter 5)
Mean ion ic ac tiv ity  coefficient 
e Membrane porosity
A M olar conductiv ity  (fl^m ^m ol^)
A  ^ M olar conductiv ity  at in fin ite  d ilu tio n
<t> D issipation function
ij Gas viscosity (Pa s)
Pj Ion ic m o b ility  (cm s'^  /  Vcm ^ )
Pp Pore to rtu o s ity  factor
p apparent density (kg m   ^)
(pj E lectrica l (diffusion) po ten tia l o f substance i (V)
V Gas velocity (m s'M
V lll
E lectrica l sto ich iom etry coefficient o f ion  A 
^max W avelength o f m axim um  absorbance (nm)
X Tim elag value (s)
x^ y Experim ental tim elag o f a com posite m embrane (s)
X,, Experim ental tim elag o f a backing layer (s)
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1 General In tro d u ctio n
1.1 H isto rica l Sum m aiy
The firs t credited m embrane experim ents were by Frenchm an Abbe 
Nolle (1748) who accidentally discovered the sem i-im perm eability o f a 
m em brane (water from  ethanol)! 1]. A ll o f the early studies were 
involved w ith  the phenomena due to membranes, it  was no t u n til la te r 
th a t the real science w ith  m embrane system began.
Thomas G raham  (Glasgow) was probably the firs t tru e  m embrane 
scientist, h is  revolutionary w ork, m a in ly w ith  gaseous d iffus ion  
th rough an im al membranes lead to  h is discovery o f the effect due to 
m olecular w eight on gas transfe r rates(1829 and 1833)[2,3]. I t  was 
m uch la te r (1909) th a t M artin  Knudsen rea lly  proved the geom etrical 
considerations regarding Graham 's earlier w ork on gases[4]. Graham  
is also credited w ith  the firs t d iscussion o f a so lu tion -d iffus ion  
m echanism  (1866) [5].
In  a ll o f these pioneering early studies only two basic m embrane types 
existed, (a) an im al membranes w hich were m icroporous and 
hyd roph ilic  and (b) rubbery membranes (gum) w h ich  were 
hom ogenious and hydrophobic. In  1855 A ugust F ick produced h is 
paper "On L iqu id  D iffusion" [6] th is  probably fo r the firs t tim e 
established the physica l/chem ica l nature o f membrane science and 
showed (using Graham 's o rig ina l data) th a t liq u id  (and gas) d iffus ion  
was analogous to the d iffus ion  o f heat or e lectric ity. In  h is paper F ick 
also m entioned the use o f collodion (cellulose n itra te ) m embranes for
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the firs t tim e. These were the firs t synthetic m embranes produced th a t 
could compete w ith  the n a tu ra l membranes used previously such as 
p ig b ladder and parchm ent paper and they are s till w ide ly available 
today (membrane filte rs).
Paralle l to  the phenomena due to membranes there has also been a 
re lated development o f possible m embrane processes. The firs t 
com m ercial membranes were produced in  Germ any by S arto rius 
(1920) using  the m ethods o f Zsigm ondy[7] fo r sm all scale labora to ry 
filtra tio n . A lthough dialysis had been known o f since G raham 's tim e it  
was no t u n til the 1940's th a t K o lff [8] showed the app lica tion  to  
hem odialysis and th is  rea lly began the firs t w idespread use o f 
m em brane technology. A t about the same tim e h igh ly  secretive, and 
s till classified, w ork was being conducted in  the U nited States 
(M anhattan Project). This lead to the development o f 'inorganic ' 
m em branes fo r the gas separation o f u ran ium  isotopes and o f course 
the b irth  o f nuclear technology.
It  was no t u n til 1962 when Loeb and S ourira jan developed the firs t 
asym m etric m em branes[9] th a t the fu ll in d u s tria l scale use o f 
m em branes could be considered. This is due to the perm eation rate 
being inversely proportiona l to the ba rrie r layer th ickness, hence th in  
top layers on 'support' s tructu res have a m uch h igher perm eation rate 
th a n  homogeneous (sym m etrical) membranes o f the same th ickness. It  
was n o t u n til 1981 however th a t in d u s tria l scale gas separation 
became econom ically feasible, due to the w ork o f Henis and
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Tropodi[10]. A t about th is  same tim e there was a large French e ffo rt in  
the development o f im proved inorganic (ceramic) membranes (using 
earlie r in fo rm ation  from  th e ir own nuclear industry) fo r m ore general 
use, a lthough these membranes continue to be used in  the nuclear 
in d u s try  fo r gas separation purposes. The technology developed by the 
French groups lead to the com m ercial release o f m ic ro filtra tio n  and 
u ltra filtra tio n  m embranes (SCT and LeCarbone Lorraine). The w ork  in  
p a rticu la r o f the group o f L. Cot [11] has progressively refined these 
membranes to the position  where n a n o filtra tio n  m em branes (pore 
sizes < Inm ) have been successfully and re liab ly  produced! 12].
1.2 Future Needs
Membrane research is cu rre n tly  a massive area. The technology is  
energy efficient, can be h igh ly  selective and is capable o f being ru n  in  
con junction  w ith  existing in d u s tria l processes (hybrid  systems). Ever 
sm aller pore size membranes are being produced such as zeolitie 
membranes. This is perhaps a secondary consideration w ith  the m ain 
th ru s t being the development o f new technologies based around 
membranes such as m embrane reactors (reaction and separation in  a 
single module), fue l cells and batte ry technologies.
The rapid  increase in  the use o f membrane processes appears to  be 
con tinu ing  unabated. One estim ate o f the po ten tia l w orld  m arke t fo r 
inorganic (ceramic) m embranes alone is over five hundred m illio n  US 
do llars per year by the year 2000(13] the large m a jo rity  o f th is  being in  
the food and beverage industry .
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A lthough conventional (polymeric) membranes w ill continue to be 
used, ceram ics have the po ten tia l to outperform  and ou tlas t these 
(polymeric) and pure ly on com m ercial reasoning wiU re su lt in  th e ir less 
frequent use.
M uch w ork however s till needs to be done in  the associated 
technology. One example is in  the use o f ceram ic m embranes fo r h igh 
tem perature gas separations(>500°C). The m embranes themselves 
have few problem s function ing  a t such tem peratures b u t producing 
su itab le  m odulues and seals th a t can make the systems econom ically 
a ttractive  and w ith  su ffic ien t life tim e and th roughpu t rem ain to be 
resolved.
1.3 A im s and Objectives
The p rim ary aim  o f th is  w ork was to characterise the transpo rt 
properties o f new membranes using im proved m ethods. In  p a rticu la r 
to investigate fu rth e r [14] possible use o f pulsed and oscilla to ry 
sources and using the response o f the test membrane to deduce the 
fundam enta l transport (and so lub ility) param eters. The investigation 
by the use o f concentration (or pressure) waves suggested th a t i t  could 
be possible to make m u ltip le  determ inations o f the membrane 
param eters w ith in  a single experim ent.
The emphasis o f th is  cu rren t study was to examine the porous type o f 
membranes (m icro filtra tion  /  u ltra filtra tio n  /  nano filtra tion ) w ith  
respect to gas and liq u id  perm eation, therefore, the ru bb e iy /g la ssy  
c lassifica tion  o f polym er m embrane w ill be effectively ignored in  th is
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w ork. The range in  the type o f membrane to be studied was w ide 
ranging, from  anodic a lum ina membranes to ceram ic membranes o f 
d iffe ren t pore sizes and geometries o f the sol-gel type and also tube 
fo rm at m em branes o f na n o filtra tio n  pore size.
The equipm ent needed to perform  these investigative experim ents 
w ould requ ire  to be com pletely com puter contro lled as any 
appreciation o f such m ethods requires th is  autom ated (and precise) 
contro l to accurately define the boundary conditions and the 
waveform s generated. M eanwhile the concentration changes 
downstream  o f the membrane w ould be detected by the chosen 
sensors to be collected and displayed to the end user. The collected 
data analysis also required to be performed by the com puter.
The hardw are and software required fo r a ll these tasks had to be 
developed. As a consquence th is  thesis is p rim a rily  concerned w ith  the 
design, development and operation o f th is  new equipm ent fo r 
app lica tion  to  both  gas and liq u id  d iffus ion  processes. W herever 
possible app lica tion  in  re la tion  to new membranes, p a rtic u la rly  
ceram ic membranes, prepared in  Glasgow and other leading 
innovative research laboratories in  the European U nion, Japan and 
B razil w ill be given.
1.3 .1  Methods Employed
C oncentration (and pressure) steps have been generated a t 
one exposed face o f a test membrane. Using th is  m ethod the 
downstream  membrane response can be followed and the
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transpo rt param eters determ ined. The actua l m ethods used to 
produce these sudden changes have evolved over several years 
and these w ill be b rie fly  discussed here.
1 .3 .2  Aerosol Spray
Two (or three) a rtis t a ir brushes were used o rig in a lly  to 
produce a concentration step [14]. S o lu tion  reservoirs were 
sprayed a t one exposed face o f a test m embrane. Th is was very 
effic ient in  term s o f the actua l concentration sw itchover tim es 
b u t had several o ther problem s. The firs t was tem perature 
va ria tion . M a in ta in ing  a near constant spray tem perature (at 
the m em brane surface) was extrem ely d iffic u lt. A dd itiona lly , 
due to the expansion effect a large tem perature drop o f the 
so lu tion  occurred. Typically, to m a in ta in  approxim ately 25°C 
at the m em brane surface, the so lu tion  reservoirs required to 
be heated to approxim ately 45°C. There were also problem s 
w ith  m is t the sprays produced and the entire  system required 
to be enclosed. F ina lly, very large quan tities o f so lu tion  were 
required and these were discharged to the p ub lic  dra ins. The 
com bination o f theses problem s severely restricted  the use of 
the system  and the choice o f perm eant m ate ria l fo r 
investigation a lthough it  d id prove the effectiveness o f the 
m ethod.
1 .3 .3  Flow Systems
This m ajor design change replaced the sprays w ith  g ravity  fed
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so lu tion  reservoirs. These were delivered to the membrane 
surface th rough  tub ing  connected to syringe (luer) fitte d  ends 
a t e ithe r edge o f the exposed test membrane and was removed 
by sucking o ff the so lu tion  on the opposite edge o f the exposed 
face using a w ater vacuum  pum p to apply the s lig h t negative 
pressure. Th is again suffered from  the problem  o f discharge to 
the m ains and the need fo r a m ains w ater supply.
1 .3 .4  Closed Pumped Loop System
This is  the cu rre n t (liquid) system to be described la te r in  
some deta il (Chapter 6). In  essence a closed so lu tion  loop is 
pum ped across the exposed membrane surface and th is  is 
sw itched to  produce the concentration step. In  con junction  
w ith  com pletely new cell designs and im proved detection 
m ethods available, vast im provem ents in  the system 
se n s itiv ity  and applications have been made. In  p a rticu la r, the 
use o f the pum ped loop allows fo r the choice o f perm eant 
m ate ria l to  be alm ost lim itless, provided it  can be in  a liq u id  
form . F ina lly , fo r the firs t tim e using alm ost iden tica l 
hardware, gaseous d iffus ion  systems can also be investigated, 
th is  single advancement m assively im proves the fle x ib ility  and 
app lica tion  o f the system, th is  is discussed in  Chapter 4.
1.4 System advantages
It w ill no t (and cannot) be claim ed th a t th is  cu rren t system is the best 
possible fo r the determ ination o f a ll m embrane tra n sp o rt (and
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so lub ility ) properties. W hat w ill be shown is th a t compared to the 
conventional testing systems th a t th is  new ly developed system has a 
great m any advantages and benefits w hich together make these 
m easurem ents both  precise and routine .
1 .4 .1  Speed o f Analysis
The basic 'speed' o f any analysis w ill be physica lly dependant 
upon the test membrane thickness, perm eability and the test 
area. Th is cu rren t system employs a sm all effective tes t area 
as the m ethods o f p roduction  used today have reached such 
h igh  degrees o f re p roduc ib ility  th a t a representative tes t area 
is  n o t d iffic u lt to obtain. W hether a single o r m u ltip le  tests are 
to be made, the system design allows a rap id  tu rnover between 
experim ents. I t  is therefore possible th a t the testing o f a series 
o f m embrane sections can be qu ick ly  and easily achieved. The 
raw  experim ental data is saved d irectly  on com puter and is 
available fo r im m ediate processing, no in term ediate data in p u t 
is needed. The system is dynam ic w ith  m easurem ents in  real 
tim e and hence rogue or erroneous experim ents can be q u ick ly  
iden tified  and term inated, reducing lost tim e.
1 .4 .2  Com parison w ith  O ther Test M ethods
The characterisation o f membranes can be s p lit in to  tw o m ain 
areas (a) th e ir physical characterisation and (b) th e ir tra n sp o rt 
and so lu b ility  properties. Several m ethods exist fo r the 
physica l characterisation o f membrane structu res such as
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S E M /TEM /AFM  fo r v isua l inspection o f m orphology, bubble 
p o in t m easurements, m ercury in tru s io n  analysis, gas and 
liq u id  displacem ent m ethods and a great m any va rian ts  o f 
these, fo r pore size and pore size d is trib u tio n  analysis. Care is  
needed w ith  these (liquid) displacem ent m ethods due to 
possible errors caused by swelling and o ther possible effects. 
In  th is  cu rre n t w ork, only w ith  the gaseous system w ill any 
physica l characterisation be attem pted i.e. pore size 
estim ation  from  gas flow  rates (Section 5.5). The 
characterisation o f the transpo rt properties o f a m em brane 
(porous or non-porous) is m uch more d iffic u lt and few 
m ethods exist.
1 .4 .2 .1  Stokes D iaphragm  Cell
The use o f a diaphragm  type cell fo r the m easurem ent o f 
liq u id  transpo rt param eters orig inated in  1929 when 
in troduced by N orthrop and Anson[15] and was m uch 
im proved upon by Stokes[16] as shown in  Figure 1.1. These 
cells were used fo r the m easurem ent o f free so lu tion  
d iffus ion  param eters b u t by m od ifica tion  o f such cell types 
the glass diaphragm  can be replaced by a m em brane 
ho lder and clamped to hold the test cell together.
Th is is  a relative m ethod and requires a cell ca lib ra tion  to 
be perform ed w ith  a suitable test perm eant fo r example 
potassium  chloride. Once ca libra ted the d iffus ion
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coefficients o f test systems can be obtained. There are some 
disadvantages to such systems. Single experim ents can 
take between 1-3 days and require sam pling fo r analysis (at 
know n times), tem perature m ust be m ainta ined over the 
period o f the experim ents.
W ith  the greatest o f care, th is  type o f cell can generate data
w ith  an accuracy o f be tte r than  0.5% in  the calculated 
concentration averaged d iffus ion  coefficient (D). This type o f
cell however, is only suitab le fo r passive d iffus ion  (Fickian)
systems.
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M otor D riven Magnets
M agnetic S tirre r Bar
Membrane Holder
Figure 1.1 Representation o f a M odified Stokes D iaphragm  Cell
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1 .4 .2 .2  Dead End F iltra tio n
The transpo rt rate o f pure w ater th rough a m em brane is 
used rou tine ly  to establish both  pore size and effective 
transpo rt rates. This is usua lly  perform ed in  the 'dead-end' 
filtra tio n  mode and allows fo r the w ater flow  versus applied 
pressure to be observed. A lthough th is  is an extrem ely 
sim ple m ethod i t  is im practica l as a general m ethod fo r 
other liq u id  perm eants. This is due to  concentra tion 
po larisation  and u ltim a te ly  to the fo rm ation  o f fou ling  
(cake) layers at the membrane surface. Even w ith  systems 
m odified to reduce these effects, great care is  needed to 
m inim ise concentration po larisation. This no rm a lly  means 
w orking w ith  ve iy  d ilu te  solutions w hich have th e ir own 
associated problem s such as flu x  va ria tion  due to changes 
in  the ion ic strength and sensitiv ity  to pH changes or by 
w orking at very low  applied pressures. These are conditions 
w h ich  are not norm a lly  encountered in  p ractica l 
applications.
1 .4 .2 .3  Permeation M ethods
This is the m ethod m ost com m only used fo r transpo rt 
studies, especially w ith  gaseous systems. I t  basica lly 
involves the applica tion o f a driv ing  force and m onito ring  
the response o f the system to the applied force. The m ethod 
is  also applicable to liq u id  systems b u t is m uch less
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com m only used.
These steady state methods make fo r accurate and precise 
measurements. The m ain problem s tend to be technica l 
based, such as large and unw e ild ly  testing systems, poor 
m onito ring  methods (for example bubble flow  meters) and 
lengthy and com plicated analysis o f data.
This is the m ethod chosen fo r th is  cu rren t study. It w ill be 
shown th a t w ith  the developments in  the test cell designs 
com bined w ith  the im proved and s im plified  data analysis 
and treatm ents, th a t the test systems described in  th is  
cu rren t w ork now allow  the rou tine  and repeated 
determ ination o f membrane transpo rt properties and also 
fo r the firs t tim e the co n trib u tio n  o f the active layers.
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Theoretical C onsiderations
2 Theoretical Considerations 
In troduction
In  th is  chapter the more theoretica l aspects o f th is  cu rre n t w ork w ill be 
considered and discussed. A com parison between the data processing 
m ethods used here and the m ethods th a t have been used previously 
w ill also be given. The use o f com puter m odelling and the benefits th a t 
th is  has generated w ill also be b rie fly  discussed.
2.1 D iffus ion  C ontrolled Processes
The process o f (chemical) d iffus ion  can be described as the general 
transpo rt o f m atter whereby molecules (or ions) m ix  th rough  norm al 
therm al agitation. This description is va lid  fo r both  liq u id  and gaseous 
systems. The firs t m athem atical approach to th is  top ic was by A. F ick 
[1] who in  1855 showed th a t the d iffus ion  o f salts in  liq u id  systems 
was analogous to the d iffus ion  o f heat in  conducting bodies (Fourier) 
and the d iffus ion  o f e lectric ity  in  conductors (Ohm). F ick showed th a t 
the transfe r o f sa lt in  so lu tion  could be described by
fb c A
J l  = - D i  Equation 2.1
In  term s o f transport th rough  a membrane, Jj is the flow  o f substance i 
(mol.s \cm ^) perpendicu lar to the plane o f the m embrane, j  is the 
concentration gradient across the th ickness o f the membrane, x  and 
Dj is the p ropo rtiona lity  constant (D iffusion coefficient) o f the 
substance i (ernes'^ ), th is  is a statem ent o f F ick's firs t law  o f d iffusion, 
fo r one dim ension. As a d irect consequence o f th is  and i f  flow  across a 
membrane is to be considered then it  m ust also hold true  fo r more
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than  one dim ension. F ick's firs t law  is localised and describes the flow  
a t a single p o in t only. I f  we now consider a plane w ith in  the so lid  body 
o f a m em brane (x) w ith  a concentration difference across th a t plane, a 
net flu x  w ill be generated across the plane. The penetrating fro n t w ill 
move th rough  the plane, x, w ith  a velocity, v, b u t there w ill be an 
equalising m ovem ent o f solvent in  the opposite d irection, to m a in ta in  a 
mass balance. Under these conditions the only n e tt tra n sp o rt is th a t 
due to the solute (salt) and its  concentration can be estim ated. I f  we 
consider a second plane a very sm all distance from  the firs t (x + ôx) 
then the q u a n tity  o f m ateria l entering the plane (at position  x) w ill be 
(Jj.ôt) and the qu a n tity  o f m ateria l leaving the second plane (at x+5x)
5 j




h . ô t  \  / ( J + ( 5 J /5 x ) 5 x ) 5 t
X +  ÔX
Figure 2.1 Schematic representaion of solute flow through a 
membrane with no convective flow to aid Fick's 
second law
From  th is  representation, the change in  concentration in  the volum e 
between the two planes defined by x  and x+5x w ill be
Jjôt ~ (t /j + ôx) ôt 




bci = -  jô t  E quation 2.3
fo r an in fin ite ly  sm all section (x 0) and an in fin ite ly  sm all tim e 
i t ^ O )
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As we have already defined J, (Equation 2.1) by su b s titu tio n  we obta in
E quation 2.5
i f  we assume th a t the d iffus ion  coefficient (D) rem ains constant over 
such a sm all distance and tim e period then
Equation 2.6dt
This is a statem ent o f F ick's second law  and shows th a t the change in  
concentration is a function  o f both  distance and tim e. I t  is these two 
laws o f d iffus ion  (Fick's 1®^ and 2"^ laws) th a t represent the basis o f a ll 
o f the transport studies in  th is  cu rren t research and are v ita l to the 
va lid ity  o f the data treatm ents and com puter models th a t w ill be used 
fo r the experim ental w ork (Chapters 5 & 7).
I t  has been assumed th a t in  a ll cases the d iffus ion  process was being 
driven by a concentration d riv ing  force. This is o f course not always 
the case as there are other possible d riv ing  forces such as pressure or 
e lectrica l potentia ls and these do play an im po rtan t p a rt in  the 
d iffu s io n /tra n sp o rt process.
W henever e lectrica l d riv ing  forces are present, e ither by externa lly 
applied fie lds or by the d iffusion  process itse lf, the flow  due to  the 
e lectrical com ponent can be described in  exactly the same m anner as
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the d iffus ion  o f sa lt in  so lu tion  when a rriv ing  a t F ick's firs t law . In  
e lectrica l term s th is  can be represented by
je lect _ E quation 2.7
where Cj is the concentration (mol cm^), j  is the e lectrica l g rad ien t 
across the m embrane o f th ickness x  and Pj is the ion ic m o b ility  (cm 
s'VVcm '^), th is  is in  fact a statem ent o f Ohm's law.
The to ta l ion ic  flow  across the membrane is therefore sim ply the sum  
o f the two components, i.e. concentration and e lectrical gradients 
present
j to ta l  _  jc o n c  ^  jeZeci
and is more fu lly  represented by 
ÔC( ^  /  ÔY
ÔX^ ' ÔX ^  I Equation 2.8
th is  is the N em st-P lank equation [2] [3]. There are some fu rth e r 
in te r-re la tion sh ip s  between the com ponent parts o f th is  equation b u t 
these w ill no t be discussed here.
As a considerable quan tity  o f the w ork in  th is  study made use o f 
electrolyte so lu tions we m ust be capable o f assum ing th a t bo th  
e lectrolytes and non-electrolytes behave in  the same m anner under 
ou r experim ental conditions. In  order fo r th is  to  be the case we m ust 
be able to  reduce the e lectrodiffusion equation to a F ickian  form . 
From  previous studies in  th is  area by Doran [4] we know  th a t fo r the 
experim ental conditions used th is  constra in t is satisfied, i.e.
J  sa lt =  sa lt Equation 2.9
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2.2  N on-E qu ilib rium  Therm odynam ics
The transport o f m aterial(s) th rough a m embrane is a therm odynam ic 
non -equ ilib rium  process. This means th a t fo r an adequate descrip tion 
o f the process it  is necessary to make use o f the therm odynam ics o f 
irreversib le  processes. This in  fact is som ething o f a u n ify in g  theory 
governing a ll transport processes.
The basic foundation o f th is  app lica tion is th a t fo r a constant d riv ing  
force, free energy w ill be dissipated continuously and hence entropy 
w ill be produced. The rate o f th is  entropy production  caused by the 
process is the sum m ation o f a ll o f these irreversib le processes and is 
term ed the d issipation function  (4>).
0  = { -g ra d T )X q +  ( -g ra d P )X p  + { -g ra d V )  X^i + { -g ra d  C )Xc... > 0
Equation 2.10
where each o f the ind iv id u a l processes can be described as the 
product o f the flu x  and its  corresponding force.
$  = = X  E quation 2.11
W hen the system is close to equ ilib rium  it  can be assumed th a t each 
flu x  can be expressed as a linear function  of the forces in  the system.
J f = ^  L i j -X j  E quation 2.12
where L jj are the (constant) phenomenological coefficients and X, the 
d riv ing  forces fo r the process.
For a two com ponent system (1 and 2) we w ould obta in  two flu x  
equations b u t w ith  fou r coefficients (L^ , and ). There are
some basic constra in ts th a t m ust be observed;
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L i2 = L2 1  i.e. Onsager reciprocal ru le  holds tru e  [5]
L jj (and L2 2 ) are always positive and greater than  zero.
T T >  T 2 
^ 1 1  •■^22 —  ^ 1 2
The coupling coefficient L ^ 2 ^ 2 1  ) can be positive or negative.
Network therm odynam ics and Bond graph theory are extensions to the 
basic princip les o f the therm odynam ics o f irreversib le  processes. They 
could (and have been) the subject o f a Ph.D thesis in  th e ir own rig h t 
b u t in  th is  cu rren t w ork these m ethods have been applied pu re ly  as 
design and predictive tools fo r the experim ental systems. These topics 
are covered in  fa r greater deta il elsewhere [6,7,8,9] and w ill no t be 
discussed fu rth e r in  th is  w ork. The use o f the com puter models (as a 
predictive tool) w ill be made use o f fu rth e r and the in fo rm a tion  
generated w ill also be discussed.
2 .3  Num erical Solutions
Over the evolution to th is  cu rren t system, several d iffe ren t num erica l 
m ethods have been used in  order to  extract the tra n sp o rt 
characteristics o f test membranes. O f those m ethods described, only 
the fin a l one was used in  th is  cu rren t w ork  b u t the others show the 
evolution o f the analysis m ethods and th e ir increased s u ita b ility  fo r 
rou tine  use.
2 .3 .1  Phase S h ift Analysis
In  the firs t a ttem pt at an experim ental system based upon 
generating concentration waves Paterson and Doran devised a 
system based around aerosol sprays[10]. W hen a m em brane
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was exposed to a series o f regu lar square concentration waves 
it  has been shown th a t the phase sh ift between the in p u t 
(square) wave and the detected (sine) wave could be used to 
estim ate the d iffus ion  coefficient [10]. There were several 
disadvantages to th is  m ethod however. O nly the d iffus ion  
coefficient could be determ ined and th is  was done by an 
iterative  num erica l m ethod th a t required an in itia l over 
estim ate fo r D and took several hours to  process. A lthough 
th is  was a s ign ifican t step it  was not considered su itab le  fo r 
rou tine  use.
2 .3 .2  D eterm ination o f Peak M axim a/M in im a
A fu rth e r development from  2.3.1 above was the use o f the 
experim ental peak m axim a and m in im a fo r the determ ination 
o f the d iffus ion  coefficent. I t  was shown th a t provided the 
sw itch period was s ign ifican tly  longer than  was necessary to 
achieve a steady state cond ition  the peak m axim a and m in im a 
occurred a t tim es, t = (P /  7.2D) after the sw itch  [11]. Th is was 
greatly superior to a rb itra rily  selecting the m axim a/m in im a. 
Due to experim ental scatter and the ve iy  sm all am plitude o f 
the detected waves th is  m axim a /m in im a  selection was very 
d iffic u lt to do w ith  great confidence or precision.
2 .3 .3  D eterm ination o f Perm eability and D iffus ion  Coefficient
In  a fu rth e r s ign ifican t development o f th is  sym m etrical 
oscilla to r system, the perm eability could be determ ined from
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the linea r portions o f the waves and the d iffus ion  coefficients 
from  the in tersection o f the two linea r portions [12]. A lthough  
th is  was effectively a near ideal system w ith  no net 
accum ulation due to the sym m etrical waveform , the am plitude 
o f the emergent wave rem ained a huge problem  fo r p rac tica l 
application.
Using the num erica l m ethods described above the cu rre n t 
system overcomes the emergent wave am plitude problem  
com pletely. This fo r the firs t tim e has allowed the generation 
o f concentration waves to be used as a rou tine  m ethod fo r 
membrane characterisation. In  con junction  w ith  the o ther 
ana lytica l m ethods th a t have been devised, p a rticu la rly  fo r 
m u lti-la ye r membranes, the cu rren t system has allowed fo r 
fa r greater concentration changes in  the collecting volum e. 
This has enhanced the num ber o f d iffe ren t possible detection 
m ethods available, fo r example spectrophom etric or 
electrochem ical sensors and has increasing the overall scope 
o f the system.
2 .4  O scilla to r Theory &  Predictive Models
The experim ental detection cells used in  th is  w ork are 'closed' systems 
in  w h ich  a concentration difference across a test m embrane is 
generated effectively instantaneously. This causes transpo rt o f 
m ateria l across the membrane under the force o f the applied 
concentration difference, th is  was the m ethod devised by Daynes [13].
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By the conservation o f mass, the to ta l num ber o f moles o f a 
com ponent present in  a closed system m ust be constant and w ill be 
made up o f the sum  o f a ll con tribu tions.
^totcd  = H i + H2  + ...rin  E quation  2.13
and so th is  m ust also be true  fo r concentrations 
^ to ta l =^1 + C2  + ...Cn E quation  2.14
and so
g ra d e  iQtai = g rad  Cl + g rad  C2  + ...gradcn  E quation 2.15
therefore fo r F ickian systems w ith  constant d iffus ion  coefficients 
(Equation 2.1)
- D  gradCiQ^cd = ~ D g ra d c j -  D g ra d C2  ... E quation 2.16
and s im ila rly  fo r the flows 
^ to ta l -  +«^2 +  E quation  2.17
This a t firs t s igh t m igh t appear somewhat s im p lis tic . I t  has been 
shown by C rank [14] th a t the change in  concentration w ith in  the 
m em brane from  the im position  o f a concentration step to the onset o f 
the steady state condition to be complex, shown by E quation 2.18.
C = Cl + (C 2 -C i)y  + I  ^  s in ^ e x p f-D n ^ T i^ t / i^ l
n=l  ^ ^
12 2 m +  1 s in ——  ^^^^•^exp{-D (2m + l ^ }  2.18
m=0
where C  ^ is  the concentration a t the external face (x=0), C^ the 
concentra tion  a t the in te rn a l face (x= l), C  ^ is  the in itia l u n ifo rm  
m em brane eq u ilib riu m  concentration, I is the m em brane th ickness 
and D is  the d iffus ion  coefficient.
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Use o f these re la tionsh ips (Equations 2.13 to 2.17) ind ica te  th a t 
so lu tions to the d iffus ion  equation can be obtained by a linea r 
com bination o f existing solutions. Such linea r com binations o f these 
existing, w ell defined solutions o f the d iffus ion  equations provide 
re la tionsh ips w hich can be used fo r step wave oscilla tors. T h is  w ill be 
described below.
2 .4 .1  Bond Graph M odelling o f O scilla to r System
The use o f the bond graph models provides us w ith  
in fo rm ation  regarding the flu x  in to  the collecting volum e. In  
addition, the predicted concentrations w ith in  the m embrane 
phase are also available and hence concentration profiles 
w ith in  the membrane can be obtained. The bond graph models 
have been used to dem onstrate both the va lid ity  and the ease 
o f use o f the data analysis routines.
In  the firs t instance, the classical Daynes system  was 
modelled. The im position  o f a concentration step generated a 
concentration difference across the m embrane and th is  in  tu rn  
generated an accum ulation o f m ateria l w ith in  the m embrane 
phase, these profiles are shown in  Figure 2.2. The subsequent 
flow  in to  the collecting volum e is shown in  F igure 2.3. This 
clearly shows the b u ild -up  from  an in itia l non-steady state 
condition to  the beginning o f the (linear) steady state period, 
labelled B. The model param eters are listed in  Table 2.1. I f  we 
now consider a system in itia lly  in  a pseudo steady state
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condition a t tim e zero. The membrane and collecting volum e
C n  +  Cstep îjc
C a Cn
Step Dlustration C n  -  Cstep
concentration profiles from  th is  model are shown in  Figures
2.4 and 2.5 respectively. In  Figure 2.5 the concentration 
profile  is labelled A  and is in  fact para lle l to  the steady state 
po rtion  o f curve B in  Figure 2.3.
For a sym m etrical oscilla to r in  a pseudo steady state w ith  a 
step (Cg^gp) applied, then (at the position  * in  the illu s tra tio n  
above) is sw itched down to the o rig ina l level ( c j,  th is  produces 
a concentration profile  in  the membrane (Figure 2.6) and in  
the collecting volum e shown in  Figure 2.7 and labelled C. Th is 
curve represents the so lu tion  fo r (A-B).
I f  a s im ila r system is sw itched down b u t now to the lower level 
(c^ - Cgtçp) the concentration profile  produced is  shown in  F igure 
2.8, labelled D. This curve passes th rough a m axim um  and it  
can be shown th a t the in tersection o f curve A  (Figure 2.5) and 
the steady state po rtion  o f curve D, w hich has a so lu tion  o f 
(A-2B), occurs at x = P /6D . These so lu tion  re la tionsh ips are
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shown graphica lly in  Figure 2.9.
For continuous sym m etrical oscilla tions o f th is  type, 
oscilla ting  fo r equal tim es above and below the mean 
(equ ilib rium  concentration) o f the collectiong volum e, provided 
steady state conditions have been obtained, th is  provides the 
sim ple repetitive evaluation o f t = P /6D  and so the d iffu s io n  
coefficient, D.
It  is w ell know n th a t from  the m athem atical so lu tions [14] the 
flow  from  a sim ple step experim ent is exactly h a lf the steady 
state flow  a t the tim e x* = P /7 .2D.
A t th is  tim e (x*), the slope o f curve B, is h a lf the steady state 
value, curve A. Consequently fo r the curve labelled D, (A-2B), 
X* corresponds to the m axim um  concentration in  the co llection 
volum e oscilla tion  and by a s im ila r argum ent also the 
m in im um .
This appears to be an even sim pler m ethod fo r determ ination 
o f D b u t in  practice the exact locations o f m axim a and m in im a 
are im possible to choose w ith  confidence due to random  sm all 
errors in  concentration detector systems.
The prefered m ethod therefore was to use the in te rsection  o f 
the steady state portions o f the detected wave. This m ethod 
being graphica l is extrem ely sim ple and avoids the lengthy 
ca lcu la tions as described earlier in  Section 2.3.
W ith  the asym m etrical oscilla to r a consecutive series of
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tim elag experim ents are perform ed repeatedly. C oncentration 
square waves were generated a t one face o f the test m embrane 
b u t in  th is  case the lower concentration used was equal to 
th a t in itia lly  in  the collecting volum e.
By using such boundary defin ing conditions the accum ulation 
o f m ateria l in  the collecting volum e followed an increasing 
'staircase' concentration profile  w ith  a m uch greater am plitude 
than  fo r a sym m etrical oscilla to r (about a mean 
concentration). An example o f sim ulated o u tp u t us ing  these 
boundary conditions is shown in  Figure 2.10 and the 
sim u la tion  param eters are given in  Table 2.2.
A t m uch la te r tim es in  such an experim ent there w ill be 
s ign ifican t back d iffus ion  from  the collecting volum e and 
although the slopes from  the o rig ina lly  horizonta l portions w ill 
become negative, the in tercepts can s till be described in  
exactly the same m anner. These s im u la tion  resu lts  show th a t 
the basic assum ptions made earlie r regarding the linear 
com binations o f so lutions to the d iffus ion  equations are 
indeed true  and show the va lid ity  o f the m ethod.
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Num ber o f Layers 1
Layer Thickness 1 (cm) 0.015
D is trib u tio n  Coefficient a 0.19
D iffus ion  Coefficient D (cm^s^) 3.29x10'®
Num ber o f Lum ps in  Model 30
Source Volum e Vg (cm^) 100
Collection Volum e V^ (cm^) 1.752
Exposed Membrane Area A  (cm^) 0.569
Max. Source C oncentration (M) 0.1
Source Period (s) 100
In itia l S ink Concentration (M) 0
Set up Steady State C onditions No
In itia l C oncentration in  Layer 1 0
Total S im ula tion  Time (s) 250
Num ber o f Membrane Profiles 50
Steptim e (s) 0.1
Num ber o f In tegrations /  steptim e 10
Table 2.1 L is t o f the C onditions Used fo r Com puter 
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Num ber o f Layers 1
Layer Thickness 1 (cm) 0.048
D is trib u tio n  Coefficient a 1
D iffus ion  Coefficient D femes' 1.71x10®
Num ber o f Lum ps in  Model 30
C ollection Volum e V^ (cm^) 1.752
Exposed Membrane Area A (cm^) 0.569
Source Waveform Square
Max. Source C oncentration (M) 0.1
Source A m plitude (M) 0.05
Source Period (s) 100
In itia l S ink C oncentration 0
Set up Steady State Conditions No
In itia l C oncentration in Layer 1 0
Total S im ula tion  Time (s) 300
Num ber o f Membrane Profiles 50
Steptim e (s) 0.1
Num ber o f Integrations /  steptim e 10
Table 2.2 L is t o f the C onditions Used fo r Com puter
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2 .4 .2  Tim elag Analysis
The sim plest experim ent is a single tim elag where on ly one 
concentration step is made above the in itia l e q u ilib riu m  value. 
The extrapolated in te rcept o f the linea r section o f the 
concentration profile  w ith  the x-axls is know n as the tim elag 
(t) w h ich  can be related d irectly  to the m em brane phase 
d iffus ion  coefficient (D). Ju s t how these data are treated is 
discussed in  Chapter 7. The perm eability can also be obtained 
from  the linear po rtion  o f the concentration profile , th is  again 
w ill be discussed in  Chapter 7. There has been some 
discussion about a t w hich p o in t th is  lin e a rity  begins and 
where in  the concentration profile  is a su itab le  p o in t fo r the 
analysis. Jenkins et al. [15] reported th a t the onset o f lin e a rity  
was at a value equal to 3x b u t Paterson and D oran [16] 
showed th a t by using a linea r extrapolation between 3-6x the 
e rror in  the perm eability determ ination could be s ign ifican tly  
reduced, from  -4% to -1.7%  based upon an in fin ite  volum e 
ca lcu la tion. In  a ll o f the experim ental resu lts  quoted in  th is  
w ork the la te r m ethod has been used fo r the determ ination  of 
perm eability values.
2 .4 .3  Perm eability Relationships
It  is norm al to define the perm eability, P, o f a m embrane by 
J  = PAc Equation 2.19
where Ac is the external concentration difference across the
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m embrane in  the liq u id  (or gaseous) phase interface . For 
F ickian  systems
P  = E quation 2.20
where D is the D iffus ion  coefficient (cm^s'^), A  the m embrane 
area (cm^) and 1 the m embrane th ickness (cm). The 
d is trib u tio n  coefficent (a) defines the concentration ra tio  
between the m embrane and the external so lu tion  (or gas) 
phase.
In  the bond graph nota tion  system used fo r the com puter 
m odelling the generalised description o f a flow .f, is  given as an 
effort, e, divided by a resistance, R.
^  Equation 2.21
by com paring Equation 2.19 to 2.21 th is  shows the F ickian  
bond graph resistance to be the reciprocal o f the perm eability. 
R = ^  = E quation 2.22
C om posite M embranes
I f  we now consider a b ilayer membrane system, a and b, as 
shown in  Figure 2.11, the perm eability o f the com posite w ill be 
Under steady state conditions the steady state flow  (J) is 
J  = Pabic -  c ' )  Equation 2.23
Let the perm eabilities o f the in d iv id u a l layers a &  b be P  ^ and 
P jj. I f  one im agines a van ish ing ly th in  layer between a and b 
(which provides no ba rrie r to d iffusion) and th is  is in
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e q u ilib rium  w ith  both layers sim ultaneously, then the flows 
w ill rem ain the same
J  = Pa(c -  c*) and J  = -  c^)  E quation 2.24
and since (c' - c") = (c' - c*) + ( c* -c")
~ —I- E quation 2.25
^ a b  t^b
Typica lly a b ilayer m embrane consists o f a th in  active layer 
coating, "a" and the backing layer, "b". I f  the perm eabilities o f 
the composite membrane "ab" and th a t o f the backing layer, 
"b" are measured experim entally, then the perm eab ility  o f the 
active layer alone can be estim ated by rearrangem ent o f 
Equation 2.25.
In  practice w ith  ceram ic membranes the backing layer is 
available before coating. W ith  organic membranes it  w ould be 
necessary to remove the (th inner) active layer, possib ly by 
abrasion. The form  o f E quation 2.25 could be extended to 
cover any num ber o f layers.
+ — f- "y—f-... + -y— E quation 2.26
^ a b c ..n  PcL P b  P c  P n
This re la tionsh ip  w ill be used la te r in  the experim ental 
sections. Chapter 5 (for gaseous systems) and C hapter 7 (for 
liq u id  systems) fo r the ca lcu la tion  o f the perm eab ility  due 
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Software
3  C ontro l and D isplay Software 
In troduction
A ll o f the com puting systems described in  th is  study refer to  the 
In te rna tiona l Business Machines (IBM) fam ily  o f personal com puters 
(PC's). These com puters have evolved s ign ifican tly  since th e ir 
in tro d u c tio n  some fifteen or so years ago. They have been since the 
earliest days o f an 'open' a rch itecture  w ith  w ell defined hardw are, 
software and in p u t/o u tp u t sub-system s. This has allowed fo r the th ird  
pa rty  development o f several in terfacing  options to  enable the com puter 
to com m unicate vdth and to contro l external e lectronic devices. From  
these, now m any options, three have become com m only used fo r 
in te rfacing  IBM  PC's (and th e ir clones) to external devices o f m any 
types, these are the seria l and para lle l ports and the GPIB (IEEE-488).
A  great m any program m ing languages were available such as C++, 
Pascal, Fortran  and more recently the 'V isual' languages fo r use vd th  
M icrosoft Windows™ to name b u t a few. These a ll had th e ir own m erits  
and disadvantages b u t on balance it  was decided to use M icrosoft 
QuickBASIC as the language o f choice. The version used fo r a ll o f the 
systems described here was M icrosoft QuickBASIC Version 4.5.
Th is was a h igh ly  s tructu red  form  o f the language w ith  a great m any in ­
b u ilt functions. I t  also had the a b ility  to  easily access IBM  PC systems 
addresses, such as in p u t/o u p u t ports, contro l o f the V D U /m o n ito r 
a ttrib u te s  and could be used to lin k  to external program  m odules such 
as the NAG m athem atical routines and so on. To give even greater
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contro l and fle x ib ility  to  the fin ished program s, Q uickBASIC 4.5 was 
used to w rite  and debug the program s b u t a t the fin a l stage o f 
com pila tion  (to executable code) the fu ll M icrosoft Basic C om piler 
Version 6.0a was used. The program s w ritte n  in  th is  way made the 
m axim um  use o f the available com puter systems resources.
To describe in  deta il a ll o f the software w ritte n  and used in  the  course 
o f th is  study w ould take fa r too m uch space, i t  w ould also de tract from  
the overall description and use o f the experim ental systems fo r w h ich  
they were w ritte n . For th is  reason only a b rie f overview o f the software 
systems is given here. A ll o f the software could be divided in to  one o f 
fo u r m ain  subject aireas;
(1) In te rn a l com m unication &  actions
(2) Device precondition ing &  data collection
(3) D isplay o u tp u t fo r the system operator.
(4) Data hand ling  &  m anipu la tion  .
These fo u r subject areas w ifi now be b rie fly  described.
3.1  In te rn a l C om m unication
The software code w h ich  actua lly  allowed fo r the con tro lling  com puter 
to com m unicate w ith  the Ind iv idua l m easurem ent devices was 
extrem ely complex. I t  consisted o f a large series o f m odules or 
subroutines w h ich  were w ritte n  in  such a m anner as to  a llow  a person 
who was reasonably com puter lite ra te  to make use o f the system . By 
cha in ing  together the relevant subroutines, data could be passed 
across the system qu ick ly  and easily. These routines were lin ke d  to  a
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device d rive r (commercial) w h ich  was loaded au tom atica lly  each tim e 
the com puter was sw itched on and allowed these rou tines to  be used 
w ith  d iffe ren t hardware options. Some o f the tasks th a t these rou tines 
handled were fo r example; (a) ensuring th a t a selected m easurem ent 
device actua lly  existed and was properly configured, i f  th is  was n o t the 
case, w arn ing messages were passed back to the system  user; (b) 
ensuring th a t the sequence o f data requests were In  a 'sensible' order 
i.e. th a t a ll fast data collection routines were placed together and no t 
astride a subroutine  th a t w ould require a longer tim e to  re tu rn  values; 
(c) ensuring th a t in s trum e n t commands, fo r example, the change o f 
m easurem ent range, were no t confused w ith  data being passed back 
across the interface. A  data/com m and flow  diagram  o f th is  con tro l 
system is  shown in  Figure 3.1.
3 .2  Device Preconditioning &  Data C ollection
In  th is  section two d iffe ren t experim ental m ethods are described, they 
are (a) a tim elag experim ent and (b) an oscilla to r experim ent. The 
la tte r experim ent was essentia lly a consecutive series o f tim elag 
experim ents b u t i t  d id  require some add itiona l software con tro l 
systems.
3 .2 .1  Tim elag Experim ent
The user was firs t required to select the m ethod o f detection to  
be used, conductiv ity  or UV-V isible spectrophotom eter. There 
then followed a series o f questions, the answers to w h ich  were 
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Figure 3.1 Schem atic D iagram  o f the Software 
Command and C ontro l S tructure .
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system dependant in fo rm ation  as w ell as general In fo rm ation  
to  help a t the la te r stage o f data processing. The so rt o f 
in fo rm ation  prom pted fo r was ; the type o f m em brane used, 
the perm eant m ateria l and its  concentration, d u ra tio n  o f the 
pum p to waste period (described in  section 6.5.2), the  du ra tion  
o f the 'baseline' data collection period, data sam pling rates 
(d ifferent rates could be used in  d iffe ren t sections o f the same 
experim ental run), textua l descriptions o f the experim ent 
being undertaken fo r c la rity  in  file  selection a t the processing 
stage and the filenam e w ith  w h ich  to record the experim ental 
and other data.
The user was then shown the cu rre n t co llecting volum e 
so lu tion  tem perature and asked w hether or no t to  heat the cell 
contents. I f  answered yes, the desired tem perature was in p u t 
and the cell heater was sw itched on autom atica lly. W hen the 
desired cell tem perature had been reached, on ly then  was the 
low  concentration so lu tion  (usually d is tille d  water) allowed to 
flow  across the membrane surface, th is  was the beginn ing o f 
the 'baseline' collection period.
For each o f the in p u t values set by the user, a va lid  range was 
pre-set as an added precaution against erroneous e n try  and 
should any value in p u t be o u tw ith  the set range a w arn ing  
was generated and the user prom pted to re-enter the  data 
correctly. In  con junction  w ith  th is  safeguard there were also
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defau lt values th a t could be used by m erely pressing the 
re tu rn ' key to speed up data e n tiy .
The concentration step to be applied w ould on ly occur when 
one o f two possible conditions were met, these were when; (a) 
the baseline period pre-set by the user had elapsed o r (b) the 
user had overridden the baseline co llection period (by a 
keypress). The data collection rou tine  w ould now  be sam pling 
w ith  the pre-set frequency and w ould on ly stop w hen e ithe r o f 
two possible conditions were m et; (a) the operator term inated 
the data collection via  'E' keystroke or (b) the m axim um  
num ber o f datasets had been collected (the norm al m axim um  
was 5000).
3 .2 .2  O scilla to r Experim ent
The in p u t param eters required fo r an osc illa to r experim ent 
were essentia lly the same as fo r the tim elag system  described 
above. There were however, tw o very im p o rta n t differences 
w ith  the oscilla tor.
(a) the firs t value sought a fte r the m ethod o f detection used 
was the num ber o f oscilla ting  frequencies to  be used in  the 
experim ent. I f  th is  value was greater than  one, then  the  square 
wave period, the num ber o f these periods and the associated 
filenam e was required fo r EACH o f the frequencies used in  th is  
now m ulti-frequency experim ent.
(b) the m ethod o f the baseline (or w arm -up) to be used had to
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be selected. A  choice o f m ethods had been devised, these were 
(1) Cycles o f a fixed frequency between the h igh  &  low  
concentration solutions; (2) In itia lly  fast cycles b u t w ith  a 
decreasing frequency or (3) low  concentration on ly (as in  the 
tim elag experim ent).
I f  e ither o f options (1) or (2) were chosen an add itiona l in p u t 
section was activated i.e. the num ber o f w arm -up cycles to  use 
before s ta rting  the data collection.
The use o f m u ltip le  frequency runs was extrem ely use fu l b u t 
th is  presented a po ten tia l problem  when sw itch ing from  one 
frequency to another w hile  m a in ta in ing  one continuous 
experim ent. Th is synchronisation problem  was overcome by 
assum ing th a t there was no (or a t least an ins ign ifican t) phase 
sh ift between the in p u t (square) wave and the emergent o u tp u t 
wave. From  th is , h a lf way th rough the period the wave 
concentration was assumed to be exactly halfw ay between the 
upper and lower concentration lim its  (set by the so lu tions 
being used). Using th is  assum ption the second quarte r sw itch 
tim e (th is was a calculated value fo r the next sw itch) was 
changed from  its  previous calculated value to  the value 
required by the new frequency. Using th is  m ethod allowed the 
increase or decrease o f the period w ith o u t having to re s ta rt the 
experim ent and therefore m ainta ined iden tica l experim ental 
conditions w ith o u t any d is ru p tio n  to the system. Once th is
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synchron isation was completed the calculated sw itch  tim es 
(for the next sw itch) were reset to values determ ined by th is  
new period in  use. The m axim um  num ber o f such frequency 
changes was lim ited  to  10, th is  gave p len ty o f scope to  the 
user and d id  no t place too h igh a demand o f com puter system  
resource, m a in ly memory.
There was also the poss ib ility  o f perform ing two d iffe re n t types 
o f oscilla to r experim ent. These were d istingu ished from  each 
other by the filenam e extension used, e ither *.OSF o r *.OSH 
when the collected data was saved to file . These tw o file  
extensions represent a fu ll oscilla tion  (*.OSF) about a mean 
collecting volum e concentration o r a 'h a lf osc illa tion  (*.OSH) 
in  w h ich  oscilla tion  took place against an in itia l low  (or zero) 
concentration value.
3 .3  D isp lay O utpu ts to  System O perator
The graphica l rou tines themselves represented a substan tia l e ffo rt in  
term s o f program m ing. They are no t described in  any way here other 
th a n  to  show , by means o f examples the text and graphica l ou tpu ts 
shown to the system user. The disp lay o f in fo rm a tion  in  real tim e 
back to the system operator was extrem ely im po rtan t as th is  allowed 
fo r the user to determ ine (using th e ir judgem ent) i f  the experim ent 
was proceeding w ell o r i f  there were any problem s developing . The 
a b ility  to  make such decisions was extrem ely usefu l to  prevent w asting 
tim e w ith  experim ents th a t were obviously a t fa u lt. To s im p lify  th is,
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alm ost a ll o f the system in fo rm ation  was passed to the operator in  a 
graphica l form at. This allowed fo r the operator to  very q u ick ly  
in te rp re t trends in  the data being collected, co llecting volum e 
tem perature fo r exaimple. A ll experim ental data was recorded to  data 
file  a t the end o f every experim ent fo r fu rth e r processing.
3 .3 .1  Tim elag Experim ent O u tpu t
A fte r the operator had in p u t a ll o f the experim ental deta ils i f  
required, the cell heater w ould heat the co llecting volum e to 
the pre-set tem perature ( described in  section 3.2.1) an 
example is shown in  Figure 3.2. A t th is  p o in t the com puter 
m on ito r displayed two data 'w indows' o f in fo rm a tion  
sim ultaneously, the collecting volum e tem perature and the 
detected value (absorbance/ conductiv ity) in  real tim e, these 
are shown in  Figure 3.3. This allowed the operator to  establish 
th a t the system was in  a cond ition  o f eq u ilib riu m  before the 
im position  o f the concentration step. Im m ediately a fte r the 
concentration step was imposed the m on ito r d isp lay changed 
from  the two w indow ' d isplay to  a single data area. Th is now 
displayed on ly the detected values from  the cell (at the pre-set 
in terva l) b u t the cell tem perature was displayed in  te x t a t a ll 
tim es and any varia tions could be m onitored by pressing the 
F I key. Th is toggled the d isp lay between the detected 
absorbance/conductiv ity and the cell tem perature values 
since the imposed step. A n example is shown in  Figure 3.4
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Conductivity has been selected as the Detector type.








Select Cation ?KC1 
Membrane Type? Visking_Vl 
Permeant material? KCl
Duration for 'Pump to Waste' Period (0-20 secs.) 5 
Max. Duration for BASELINE period (seconds 20-3600)1000 
Time delay during Brea)cthrough Data Collection (seconds 0-60)2 
Save collected data as filename ? prime 
File Exists ! OVERWRITE (Yes/No)?Yes
MOLAR Cone, of permeant used for the cone. Step? .1078 
Please enter a two line description of run
1st Line? Test run with Visking dialysis membrane with O.IM KCl 
2nd Line? Timelag determination 23/12/96_
Figure 3.2(a) Screen Capture of the Timelag Program 
Parameter Inpu t Section.
Interface initialised 
Air Temp. 23.3°C 
Collecting Volume 20.4°C 
Warm reservoir (Yes/No)?Yes 
Thermostat temp? 25.4 
<Esc> to quit
Collecting Volume is now 2.0.2
Figure 3.2(b) Screen Capture of the Timelag Program 
Cell Heating Period Showing the C urrent 
Cell Temperature.
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-C e ll C o n d u c tiv ity -
P re ss  (SPACE> to  s t a r t  run  
B ase lin e  Data C o lle c tio n
Time (seconds)
Figure 3.3(a) Screen Capture of the Timelag 
Program at the Run In itia tion .









Cm = 1.6686E-B6 4.00E-6
Tem peratures
Ambient A ir 2.60E-6
23.22 'C
C o lle c t.  U ol.
25 .26’ C
P ress  <S> to  sw itch  










Figure 3.3(b) Screen Capture of the Timelag Program 
a Short Time into the Baseline Data 
Collection Period.
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C o lle c t.  Vol. 
25.31 C
-C ell C onductiv ity -
28
Press <E> to  end 
Breakthrougb Data C o llec tio n
40 60 60
Figure 3.4(a) Screen Capture of the Timelag Program 
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Figure 3.4(b) Screen Capture of the Timelag Program 




3 .4  D ata M anipu la tion  and Processing
The datafiles conta in ing the raw  experim ental data were also 
processed and displayed using program s w ritte n  specifica lly fo r the 
purpose. A ll o f the ca lcu lations and data m anipu la tions th a t requ ired 
to  be perform ed could be achieved by the operator us ing  sim ple 
keystroke commands. This processing stage afforded the  user a 
num ber o f possible options.
Probably the single m ost im po rtan t stage was the conversion o f the 
collected detector data in to  concentration. The re la tionsh ip  between 
the concentration o f the perm eant m ateria l w ith  elapsed tim e was 
c ritica l and therefore great ce rta in ty  o f ou r m ethods was needed. In  
the experim ental system here, two m ethods were ro u tin e ly  used fo r 
detection, e lectro lytic conductiv ity  and optica l density (absorbance), 
these w ill be described fuUy in  sections 3.4.1 &  3.4.2. Perm eant 
concentration was defined as the q u a n tity  o f perm eant d ivided by the 
collecting volum e. From  th is  basic de fin itio n  it  was clear th a t any e rro r 
in  e ither o f these two term s w ould re su lt in  an incorrect value fo r the 
apparent cell concentration. The determ ination o f the cell volum es w ill 
be described in  Sections 4.2.2 (for gas) and 6.2.6 (for liqu id ).
3 .4 .1  C alcu la tion o f Cell C oncentration from  Absorbance Values 
W hen a beam o f lig h t o f in te n s ity  1^  passes th rough  a layer o f 
so lu tion  the beam in te n s ity  can be attenuated due to 
in te raction  o f the photons w ith  an absorbing m a te ria l in  
so lu tion. The ra tio  o f the a ttenua tion  w ith  the in c id e n t beam is
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more com m only know n as Transm ittance (T) and is  denoted by 
Equation 3.1
T  = ^  3.1
lo
more com monly, the term  absorbance (Abs) is  used and th is  is  
represented by Equation 3.2
Abs  = lo g ^  3.2
the func tiona l re la tionsh ip  between the q u a n tity  m easured (in  
th is  absorbance method) and the analyte concentra tion  is  
know n as Beer's law  and th is  can be w ritte n  as
Abs  = lo g ^  = ale 3.3
where a is the absortiv ity, I is  the cell pa th length  and c the 
concentration.
I f  the concentration was expressed in  m ois per litre  and the 
cell path length in  centim etres then th is  p rop o rtio n a lity  
constant, a is  called the m olar absorb tiv ity  and is  given the 
sym bol e and therefore;
A b s= E lc  3.4
(e has u n its  o f 1 cm^ m ol^)
A  rigorous p roo f o f th is  law  is  o u tw ith  the scope o f th is  w ork, 
th is  has been done previously elsewhere [1]
This linea r re la tionsh ip  therefore perm ited a sim ple m ethod 
w ith  w h ich  to experim entally determ ine the so lu tion  
concentration. Deviations from  th is  d irect p ropo rtiona lity ( a t a 
constant pathlength) are however qu ite  common. Beer's law  is
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successful in  describing d ilu te  so lu tions on ly and is  therefore 
rea lly  on ly a lim itin g  law. A t concentrations below 0.0 IM  there 
are very few deviations, so provided we can w ork w ith in  th is  
constra in t there should be very few problem s. In  the m ain, 
deviations from  Beer's law  are due to  changes in  the e value as 
the refractive index o f the so lu tion  changes w ith  increasing 
concentration.
One aspect th a t was o f p a rticu la r in te rest was the re la tionsh ip  
between d iffe rent absorbing species in  the same so lu tion . 
Provided th a t there were no in te ractions among the  various 
species the to ta l absorbance fo r a m ulticom ponent system 
could be obtained from  Equation 3.5
= A b s i + A bs 2  + ...A bsn  = e lc j + elc2  + ... eîcn 3.5
This represented a po ten tia lly  very sim ple m ethod fo r the 
study o f coupled transport in  m embrane systems (provided o f 
course th a t aU o f the com ponents present absorb in  the 
U V /V is ib le  region o f the spectrum .) Com m only the pa th length  
used fo r such systems is 1cm b u t in  the cell used fo r th is  w ork 
(described in  6.2.2) the path  length  was 2.4cm . Th is made the 
system more sensitive a t low er concentrations , w h ich  was 
greatly beneficia l in  th is  case b u t suffered from  the problem  of 
detector sa tu ra tion  a t an earlie r stage than  w ould otherw ise be 
norm al'.
The construction  o f a ca lib ra tion  p lo t fo r each com ponent
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analysed was necessary i f  the absorbance values were to  be 
accurately converted to  concentration. This was done by 
carefu l preparation o f a series o f so lu tions a t various 
concentrations o f the solute m ateria l , the absorbance values 
o f each being recorded. These were p lo tted w ith  Absorbance as 
the X -axis and concentration the Y-axis and the re su lta n t 
s tra igh t line  was subjected to a least-squares m ethod o f 
analysis [2] to obta in  the polynom ial coefficients. U sing these 
calculated values fo r the p a rticu la r solute (at its  lam bda max.) 
the collected absorbance values were converted d ire c tly  to  
collecting volum e concentration (in su itab le  un its). An example 
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Absorbance
Figure 3.5 Beer's Law Plot o f Absorbance versus C oncentration 
fo r the C alibra tion of DL-Phenylalanine.
Analysis Wavelength was 256.9nm
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3 .4 .2  C alcu la tion o f Cell C oncentration from  C onductiv ity  Values 
For the great m a jo rity  o f the testing stages potassium  ch loride 
so lu tions were used, th is  has been generally accepted as the 
'standard ' whenever so lu tion  conductiv ity  w ork was being 
carried out[3]. Th is was an extrem ely sensitive m ethod b u t i t  
d id  present some considerable problem s when converting the 
conductiv ity  values to a so lu tion  concentration. The m o lar 
(equivalent) conductiv ity  o f a sa lt so lu tion  could be calcu lated 
i f  the concentration o f the sa lt was known. Th is is  know n as 
the Onsager lim itin g  law  [4] and can be represented in  the 
form  shown in  E quation 3.6.
A — Ao — a J~C 3.6
where A  ^is  the m olar conductiv ity  a t in fin ite  d ilu tio n  and C is
the m olar concentration o f the sa lt and the te rm  A  takes
account o f the electrolyte re laxation  and electrophoretic
coefficients. Th is re la tionsh ip  was however only va lid  in  very
d ilu te  so lu tions (<0.00IM ). The w ork o f Shedlovsky [5] had
extended the range o f va lid ity  to  close to  O .IM . Th is m ethod is
more usefu l however fo r extrapolation purposes to  determ ine
Ag. A  more w o rkab le /p ractica l m ethod was the extended fo rm
o f the Onsager lim itin g  law  shown in  E quation 3.7.
A = Ao -  (0.227Ao + 59.86) J c  + 50C 3.7
The specific conductiv ity, k was calculated from  the m easured
so lu tion  conductiv ity, G and the m easurem ent ce ll constant.
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The cell constant was a device dependant param eter w h ich  
was associated w ith  the cell geometry, electrode shape, area 
and the separation between the electrodes. The specific 
conductiv ity  can be obtained from  equation 3.8
- a
and the cell constant from  equation 3.9
Cell C onst 3.9
( jf
note G= (G - Gq ) where Gq is  the solvent conductiv ity .
The conductiv ity  data were converted to so lu tion  concentra tion  
using  an ite ra tive  m ethod w ith  equation 3.7.
A n in itia l estim ate was made using C = (1000 k  /  Aq ) to  s ta rt 
the ca lcu la tion. A  test o f the accuracy o f th is  m ethod was 
made by feeding a k  value fo r a so lu tion  o f 0 .0 IM  potassium  
chloride and the resu ltan t calculated concentration was found 
to  be 0.0099957M  i.e. less than  0.05% in  error. W hen th is  
same test was applied to  a O .IM  so lu tion  o f potassium  
chloride the re su lta n t concentration was 0.1032M , an e rro r o f 
3%. I t  was clear to see th a t fo r h igh accuracy the 
concentration in  the collecting volum e m uch be kept low  i f  th is  
m ethod was to be even considered, an upper thresho ld  being 
imposed o f 0 .0 IM .
By using such a m ethod it  was possible to  estim ate q u ick ly  
and re la tive ly sim ply the concentration fo r a va rie ty  o f
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electrolytes due to the a va ilab ility  o f excellent data fo r various 
therm odynam ic transpo rt coefticients[6]. I t  m ust be 
emphasised th a t th is  rem ains an approxim ation, however good 
and is no t an absolute m ethod.
A  m uch more rigorous m ethod was to  produce a series o f 
so lu tions o f various concentrations o f the electrolyte under 
investigation. The greatest possible accuracy was needed when 
using th is  m ethod and th is  was very tim e consum ing. 
Recrystallised (Analar) potassium  chloride was desolved in  a 
know n w eight o f d is tilled  w ater (IKg) to  prepare a series o f 
demal so lu tions covering a range 10"^  to  10^ demal.
Each o f these so lutions were placed in  the co llecting volum e 
cell and the tem perature equ ilib rated a t 25°Celsius a t w h ich  
tim e the conductiv ity  was noted. These experim ental 
conductiv ities (m inus the conductiv ity  o f the d is tille d  w ater 
used) were p lotted against the so lu tion  concentra tion and a 
polynom ia l f it  o f the line  was perform ed. Using the polynom ia l 
coefficients obtained, the experim ental conductiv ity  (G - GJ 
was converted to a concentration. This conversion step was 
checked regu la rly  by using a so lu tion  o f know n concentration. 
Th is procedure had to be repeated fo r each electrolyte used 
and was therefore no t a sim ple or tr iv ia l task. The data 
obtained fo r potassium  chloride are shown in  F igure 3.6.
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C oncentra tion (M)
0.01 y = 22.9103 x  + -7.9x10 






0.00050.0001 0.00030 0.0002 0.0004
Specific C onductiv ity  (S c irf^)
Figure 3.6 Specific C onductiv ity fo r Potassium  C hloride 
so lutions o f know n C oncentrations at 298 K.
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3 .4 .3  D isplay o f C oncentration Versus Time
The user had a t th e ir disposal the p o ss ib ility  fo r autom ated 
processing o f any datafile, be it  a tim elag o r osc illa to r 
experim ent, an example o f th is  is  shown in  Figures 3.7 and 
3.8.
(A) T im elag Experim ent
The tim elag system was sim ple to  process as there was only 
one applied concentration step and therefore on ly one tim elag 
and one steady-state slope to  be determ ined. The user was 
provided w ith  a cursor to select a su itab le  basefine' area 
followed by a choice o f a su itab le po rtion  o f the ris in g  
steady-state profile. The two selected data regions were curve 
fitte d  and the re su lta n t lin e a r regression values were then 
used to determ ine th e ir p o in t o f in te rsection  (using 
sim ultaneous equations) on the tim e (X) axis, an example o f 
th is  is shown in  Figure 3.9. The exact tim e o f the applied 
concentration step du ring  the experim ental ru n  was known. 
The difference between the sw itch tim e and the p o in t o f the 
calculated in tersection w ould re su lt in  the calculated tim elag
value, X. The slope o f the ris in g  steady-state p ro file  was also
displayed to  the user. I t  w ould now be a sim ple m a tte r fo r the 
operator to  ob ta in  values fo r the d iffus ion  coefficient and the 




(B) O scillator E xperim ent
This was made s lig h tly  more d iffic u lt due to the consecutive 
series o f applied concentration steps. As in  the tim elag system  
the collecting volum e concentration versus tim e is  the de fau lt 
display. The process described fo r the tim elag value 
previously, was essentially repeated as the tim es fo r a ll o f the 
applied concentration steps were recorded in  the datafile . For 
each step a tim elag and a slope (and therefore a perm eab ility  
value) could be obtained. This gave m u ltip le  estim ates o f these 
param eters in  one experim ental ru n , under id e n tica l 
conditions and th is  allowed the user the  lu x u ry  o f s ta tis tica l 
analysis o f the data.
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c  0 . 0 0 4 8 0
t  8 . 0 0 2 0 0
200 4 0 0 6 0 0
T i n e  ( S e c o n d s )  
O p t i o n s  C , E , F , J , M , P , R , V , W , X , Y , Z , ?
Figure 3.7(a) Screen Capture of Raw Data Display from 
Timelag Processing Program.
Comir.and summary
C - Curve fit selected region (Orders 1— 3 valid)
E - Exit this program
F - Fully expand graph - autoscale, no zoom
J - Connect or disconnect points
L - Change graph title
M - Mark or unmark points
N - New File load
P - Process to get breakthough time
R - Manual rescaling of graph
W - Draw switching
X - Export screen data to A:\
Y - Set Y axis display
Z - Zoom in on points in selected region
? - Display this page again
Press <SPACE> to return to main display





A .......  Cell Concentration
C .......  Cell Conductivity (uncorrected)
D .......  Cell Conductivity (Temperature corrected)
T .......  Cell Temperature
Figure 3.8(a) Screen Capture of Y-Axis Display Options 
from Timelag Processing Program.
Elecrolyte Conductivity Detection Used
Datafile reports permeant salt was N a d
Infinite Dilution (LC) value 126.45
C o n d u c t i v i t y  o f  D i s t i l l e d  W a t e r?  5 e - 7
MOLAR Cone, of Permeant Salt solution 7.1078
Conductivity of this Salt Soln. (in S/cm) ?2.392e-3
L0= 126.45 L calc = 122.4156
Cell const is 5.518043
Data ARE NOT temperature corrected
You are Strongly advised to correct Data before proceeding
Correct Data for Temperature (Yes/No)?Yes 
Enter temperature 725 
Correction Factor (%)1.6_
Figure 3.8(b) Screen Capture of Inpu t Section of
Conversion to Concentration Routine from 




2 0 0  3 8 0
T i n e  ( S e c o n d s )  
U s e  *■ a n d  t o  s e l e c t  B a s e l i n e
Figure 3.9(a) Screen Capture o f the Baseline Selection 
D uring  the Process O ption (P).
t l . 0 0 0 E - 4  _
200 3 0 0
T i n e  ( S e c o n d s )
O p t i o n s  C , E , F , J , N , P , B , V , W , X , Y , Z , ?
Y =  1 . 4 0 6 E - 5  X  +  - 0 . 0 0 3 7 2 C a i c .  T i n e l a g  1 1 . 5 3 9 2 6  s
Figure 3.9(b) Screen Capture a fter the Slope Selection (O ption P) 
and the D isplay o f the Calculated Tim elag, 
Least-Squares Equation and the Line it  Describes.
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3 .4 .4  Data Export
Any displayed in fo rm ation  could be exported from  the 
collecting system 's data form at to  Lotus l-2-3™ /Excel™  form at 
fo r fu rth e r analysis or presentation using com m ercial 
spreadsheets or presentation software. A ll o f the experim ental 
resu lts  to  be shown in  th is  study have been presented in  such 
a m anner. I t  was also possible to  export data in  an ASC ll(text) 
fo rm at fo r d irect p lo ttin g  or p rin tin g  etc.
As they stand the software m odules th a t have evolved here are 
in  a condition th a t could be used by any sem i-skilled 
techn ic ian /opera to r w ith in  the m embrane fie ld . W ith  very little  
extra w ork the program s could be upgraded to  provide 
systems to riva l any cu rre n tly  available com m ercial techn ica l 
software. W ith  m in im a l e ffo rt the program s could be 
transferred to  a v isua l (Basic) language to  allow  the systems to 
be driven under the graphica l Windows™ system, th is  is 
effectively an in d u s try  standard requirem ent today.
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4  Experim ental M easurem ent o f Gaseous Systems 
In trod uction
In  th is  chapter the testing apparatus related to  the m easurem ent o f 
gaseous systems and other associated techniques developed in  the 
course o f th is  research w ill be described in  de ta il . The designs and 
construction  o f the m easurem ent cells w ill be given together w ith  the 
m ethods used fo r the ca lib ra tion  and testing  o f the cells, the in d iv id u a l 
m easuring devices and the overall m easurem ent system.
C entra l to  the entire  system was com puter contro l o f the in d iv id u a l 
pieces o f apparatus and also fo r autom ated data aqu is ition . 
Consequently there was a need fo r the development o f custom ised 
software to  enable both  fo r the collection o f the in fo rm a tion  and fo r the 
effective d isp lay and m anipu la tion  o f the collected data. Th is is 
m entioned m erely in  passing in  th is  chapter b u t was covered more 
fu lly  in  Chapter 3.
4 .1  General D escrip tion
The gas perm eation test system consisted o f a m easurem ent ce ll to 
w h ich  gas pressure sensors were fitted . These were in  tu rn  connected 
to  a to ta lly  autom ated data collection system w h ich  recorded data a t 
pre set tim e in terva ls. The idea behind the system was to design a ce ll 
w h ich  w ould allow  m easurem ent o f m embranes w ith  greatly d iffe ring  
perm eab ility rates. Th is was accom plished by using  a m odu la r design 
in  w h ich  the m easurem ent cell consisted o f three discreet parts. These 
were an in p u t volum e ha lf-ce ll, an o u tp u t (collecting volume) ha lf-ce ll
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and a m embrane holder w hich was bolted in  place between the inne r 
faces o f the two half-ce lls.
In  a ll cases here, the perm eabilities were derived from  a tim e-lag' 
m ethod w h ich  examined the response o f a m embrane to the im position  
o f a pressure step to  one external face o f the test membrane.
4 .2  Cell Design and Tests
The gas perm eation test cell was constructed from  Polypenko™ (an 
ACETAL copolymer) w h ich  had excellent m achin ing properties . I t  
consisted o f two h a lf cells o f iden tica l geometry and a m embrane 
ho lder w h ich  was screw clamped between the two h a lf cells. Using 
th is  type o f design allowed fo r the m axim um  fle x ib ility  in  the use o f 
the cell as membranes o f d iffe rent perm eation rates could easily be 
accommodated by a lte ring  the exposed m embrane area in  the  centra l 
m em brane holder section or by changing the collecting volum e.
Each ha lf-ce ll consisted o f basica lly a square sectioned b lock o f 
Polypenko™ in to  w h ich  a cham ber was made by bo ring  o u t a 
cy lin d rica l hole th rough the entire  length o f the block. Th is was tapped 
and threaded a t one end only to allow  fo r gas tig h t connectors to  be 
fitte d . Halfway along the length o f each h a lf ce ll and a t 90° to  the m ain 
cham ber a second channel was m achined to a llow  fo r the a ttachm ent 
o f the pressure transducers. These pressure transducers were fitte d  
d ire c tly  in to  the h a lf cells and were the p rim ary  m ethod o f detection, 
no gas chrom atography o r mass spectrom etry was used in  th is  w ork 
as the object o f th is  study was to design a system to look a t the
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fundam enta ls o f gas transpo rt . To th is  end on ly single gas 
perm eabilities were studied. A  schem atic diagram  o f the system 
assem bly is  shown in  Figure 4.1
4 .2 .1  Gas D iffus ion  Cell Assem bly
The two h a lf cells and the centra l m embrane ho lder were 
screwed together firm ly  to secure the system in  place and also 
to  ensure th a t there were no leaks from  the faces o r edges o f 
the centra l m embrane holder and the cell body. A  two-way 
valve was attached to  the collecting volum e h a lf-ce ll exit. Th is 
had been achieved using the sm allest possible volum e o f 
copper tu b in g  (in practice approxim ately 0.35cm^). Th is was to 
ensure the sm allest possible collecting volum e as th is  in  tu rn  
allowed fo r the m axim um  detection sensitiv ity , needed only fo r 
low  perm eability membranes.
A t the in le t to the in p u t ha lf-ce ll a three-way valve was placed 
w ith  the common ou tp u t from  th is  valve acting as the in p u t to 
the cell. One o f the two rem ain ing lines was connected to  the 
positive gas pressure in le t and the other to  the vacuum  system. 
By using on ly these two valves i t  was possible to generate a 
gas pressure step.
4 .2 .2  D eterm ination o f the C ollecting Volum e
The accurate determ ination o f the collecting volum e was 
essential. The gas cell was dried thorough ly and assembled 
(except the pressure transducers) and an im perm eable Teflon
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To H igh Pressure In p u t Line
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5. C ollecting Volume Iso lating Solenoid Valve
6. Three Way Solenoid Valve fo r Step Im position.
Figure 4.1 A Schem atic D iagram  of the Gas Testing System
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sheet placed in  the m embrane holder to  b la n k  o ff the co llecting 
volum e. The cell assembly was then weighed on an ana ly tica l 
balance (M ettler PJ400). The cell was then fille d  w ith  degassed 
d is tille d  w ater and allowed to reach a steady tem perature o f 
20°C, it  was then reweighed. From  th is  w eight difference and 
the know n density o f w ater a t 20°C [1] the volum e fo r the 
ha lf-ce ll was obtained. This procedure was repeated tw ice and 
each tim e the same volum e was obtained (7.873cm^).
As noted above, the pressure transducers were no t inc luded in  
the cell volum e determ ination. There were two reasons fo r th is . 
F irs tly , the mass o f the transducers were such th a t the range 
o f the ana lytica l balance was unable to cope w ith  them . 
Secondly and more im portan tly , the pressure transducers were 
fitte d  w ith  a protective porous fr it  a t the en try  to the  sensing 
com partm ent. For th is  reason, i t  was no t possible w ith  a h igh  
degree o f certa in ty, to ensure th a t the head volum e was 
com pletely fu ll and free from  a ir bubbles. The techn ica l 
lite ra tu re  supplied stated th a t the head volum es were 8.3cm^ 
b u t there was no sim ple way in  w h ich  th is  could be checked.
As the to ta l approxim ate volum e o f the co llecting volum e was 
16.667cm^ (th is included the U ltra-Torr™  fittin g  to  a ttach  the 
pressure transducer) even an e rro r o f 0.2cm^ in  the head 
volum e w ould re su lt in  an erro r greater than  a 1% .
In  an a ttem pt to  remedy th is  problem  an add itiona l la rger
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secondary volum e was constructed. This consisted o f an 
U ltra-Torr™  tee-piece some 6mm copper tu b ing  and a sm all 
gas lecture bottle . The volum e o f th is  was determ ined in  the 
same m anner as described above (161.78cm^) and th is  was 
placed between the collecting volum e exit and the iso la ting  
solenoid valve. This now gave the system an approxim ate 
volum e o f 170.57cm^. Using th is  new value fo r the ce ll volum e 
the same 0.2cm^ error in  the pressure transducer head volum e 
w ould re su lt in  a volum e erro r lower than  the precision o f the 
pressure transducer (0.15%).
4 .2 .3  Testing fo r C ollecting Volum e E rro r
W ith  a polycarbonate 0.015 pm  tra ck  etched type m em brane 
fitte d  in  the cell, n itrogen test d iffus ion  experim ents were made 
on the gas flow  through th is  membrane. On trea tm ent o f these 
test data, i f  the two cell volum e values were correct the slopes 
obtained when the gas flows were p lo tted against pressure 
difference should be iden tica l to w ith in  experim ental error. 
However, i f  there were any discrepancy between the two tests, 
the sm aller volum e system w ould be more sensitive to  volum e 
errors due to unce rta in ty  in  the transducer head space volum e. 
D uplicate test runs were made w ith  bo th  volum es. For the 
larger volum e system the gas flows m easured were 
reproducib le to 0.14% and fo r the sm aller volum e to 0.16%, 
th is  was the experim ental e rror between iden tica l runs.
4.6
G as System  E xperim ental
However, the slopes o f the two d iffe ren t volum es tested differed 
by 5.5% (the sm aller volum e having the sm aller slope). This 
suggested th a t there was indeed a difference in  the transducer 
head space from  the value quoted in  the accom panying 
lite ra tu re . The two test runs are shown in  F igure 4.2. By 
analysis o f these test data a volum e correction was calculated 
to correct fo r th is  discrepancy. (This was achieved by solving 
two sim ultaneous equations each using the m easured slope 
values and the observed e rro r between the two runs.) The 
calculated volum e correction was 1.128 cm^. U sing th is  new 
calculated value (17.795 cm ^for the sm all volume) the two test 
ru ns  were reprocessed and replotted, these are shown in  
Figure 4.3. The new values obtained fo r the slopes were 
6 .989xlO ^( larger volume) and 6.982x10'^ m ols.m^.s bkPa'^(for 
the sm aller volume) a difference o f 0.1%.
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Figure 4.2 Com parison Tests For N itrogen Flow th rough  a
Polycarbonate Track-E tched m em brane(0.015pm ) 
w ith  Two D iffe rent Cell Volumes.
4.8
G as S ys te m  E x p e r im e n ta l
Flow  (m o ls .s lrn ^ )
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slope = 6.982 x lO
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Pressure D ifference (Pa)
Figure 4.3 Com parison Tests fo r N itrogen Flow th rough a 
Polycarbonate Track-E tched m embrane 
(0.015pm) w ith  Two D iffe ren t Cell Volumes 
and after Applying a Volume Correction.
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4 .3  Cell Components
The m easurem ent cell fo r gaseous systems (Figure 4.1) com prised o f 
several com ponent parts. The func tion  o f each is  described in  th is  
section.
4 .3 .1  Pressure Transducers
A  range o f pressure transducers were used in  th is  w o rk  in  
order to  cover the w idest range o f pressures (from  vacuum  to 
moderate positive pressures) w ith  the greatest possible
accuracy. The pressure transducers used p rim a rily  in  th is
w ork were o f the Barocel 600 Edwards H igh Vacuum  series. 
These were capacitive diaphragm  type gauges and allowed fo r 
precise m easurem ent (0.15% precision) over a w ide in p u t 
pressure range w ith  excellent long term  s ta b ility .
Since the pressure was sensed by e lectrica lly  m easuring a 
pressure induced displacem ent o f a th in  m etal d iaphragm , the 
ca lib ra tion  accuracy should be unaffected by the chem ical 
com postion /na tu re  o f the in p u t gas. The p roduct lite ra tu re  [2] 
even claim ed th a t radioactive gases and liq u id s  could also be 
m onitored w ith o u t effecting the accuracy (in these studies th is  
was no t tested.) The transducers produced a voltage
(analogue) o u tp u t signal w h ich  was claim ed to be d ire c tly
p roportiona l to  the pressure. The 15 V o lt DC excita tion  
required by these transducers was provided by a CPDIOO
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com bined transducer display emd power supp ly m odule (Chell 
Instrum ents L im ited, UK.)
4 .3 .2  C a lib ra tion  o f Transducers
The transducers provided a linea r o u tp u t voltage in  the range 0 
to +10 vo lts DC depending upon the applied pressure. The 
lin e a rity  o f the ou tpu ts were checked on a regu la r basis 
(typ ica lly once per m onth) to  ensure th a t they m ain ta ined th e ir 
h igh precision (0.15%). Using a h igh vacuum  system  w ith  dua l 
ro ta ry  pum ps and an o il d iffus ion  pum p, the transducer zero 
values were established. A  range o f in p u t pressure values were 
then generated using a gas feed from  a bo ttled  N itrogen 
cylinder to w h ich  a three stage cylinder regu la to r was fitted . In  
series w ith  th is  and to  allow  fo r the fine ad justm ent o f the feed 
pressure a Norgren M a rta ina ir L im ited (U.K) R 07 series back 
pressure flow  regu la tor was fitted . The analogue ou tpu ts  from  
the transducers were then passed th rough the Program m able 
Gain A m p lifie r (PGA) m odule to the Analogue to  D ig ita l 
Converter (ADC) in  the M ic ro lin k  housing . Th is process could 
be repeated a t pre-set tim e in terva ls, since each reading takes 
about 65 m icroseconds th is  sets the m axim um  scanning rate 
possible. The o u tp u t voltages were p lo tted against applied 
pressure and the lin e a rity  checked. A  typ ica l example o f a 
ca lib ra tion  profile  is shown in  Figure 4.4.
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1,000 y = m x + c
m = 99.9927  
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Figure 4.4: Plot o f the C ollecting Volume Pressure T ransducer 
Voltage O u tpu t versus the Displayed Pressure.
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4 .3 .3  T ubu la r Connections and F ittings
The gas cell was connected to a vacuum  pum p and the positive 
gas pressure in le t by way o f 6 m m  copper tub ing . A ll o f the cell 
connections and pipe adapters used in  the system were 
Cajon™ U ltra-Torr™  fittin g s . These were stainless steel bodied 
and designed to provide vacuum  tig h t seals w ith  qu ick  finger 
tig h t assembly. They were also reusable u n like  the more 
conventional Swagelok™ fittin g s  and could be reused tim e and 
tim e again on glass, m etal and even some types o f p lastic  
tub ing . These fittin g s  were rated to  be consistently H elium  leak 
free and have been tested to a rate o f 4.0x10'® atm .cm ^.s^ [3].
4 .3 .4  Solenoid Valves
The type o f valves chosen fo r use in  these studies were Angar 
Scientific Company (USA), D irect A cting Solenoid Valves (Model 
Num bers 340 and 341). These were s tra igh t-th rough  (2 way) 
and tee-form at (3 way) valves respectively. They were 12 V o lt 
DC la tch ing  valves and required th a t an actua ting  voltage be 
passed fo r on ly a short tim e (less than  1 second). They d id  no t 
require any hold ing cu rren t to  m a in ta in  th e ir position . Each 
valve also had a double co il assembly. W hen an e lectrica l pulse 
was applied to the 'opening' co il the valve opened and 
m ainta ined its  position  by means o f a m agnetic la tch . W hen a 
voltage pulse was applied to the 'closing' co il o f the valve, i t  
closed and m ainta ined th is  position  by way o f a sp ring  load.
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This had two advantages, firs tly  the valves d id no t heat up due 
to continuous cu rren t flow  in  the coils and secondly there was 
no p o ss ib ility  o f e lectrical noise generated by the coils to 
in terfere w ith  the pressure m easurem ent signals, bo th  o f these 
factors were m ajor problem s w ith  earlie r systems. The valves 
were also physica lly sm all, 4cm  h igh and 1 cm in  diam eter and 
had a sm all in te rn a l volum e (O.lOcm^). They had a response 
tim e o f 2.8 m illiseconds to open and 7.8 m illiseconds [4] to 
close. These com bined a ttrib u te s  made them  an excellent 
choice fo r th is  type o f application.
4 .4  G eneration o f a Gas Pressure Step
As stated in  the General In troduction , the chosen m ethod fo r the 
s tudy o f the perm eation rates in  th is  w ork was by the sudden 
im position  o f a pressure or concentration step a t one face o f the test 
m em brane and then to m onito r the consequent emergent flows. The 
successful generation o f a sharp (instantaneous) pressure step was 
cen tra l to the efficacy o f the tim elag systems. In  th is  instance the 
pressure step was generated using a series o f valves triggered rem otely 
by the con tro lling  com puter system.
4 .4 .1  General Procedure fo r the P roduction o f a Gas Step
Using a double stage ro ta ry  vane vacuum  pum p (Edwards H igh 
Vacuum  2SC20A) both  h a lf cells were evacuated. U nder 
com puter contro l, the valve a t the collecting volum e e x it was 
closed. This isolated the co llecting volum e from  the vacuum
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pum p and at th is  po in t the baseline' data collection 
commenced fo r the user predefined period. A t the end o f th is  
period, a voltage pulse to  the three-way valve caused the rap id  
changeover (2.8mS) o f the valve and the vacuum  was replaced 
by the desired positive gas pressure. Purely as an added 
precaution, to avoid overloading and damaging the pressure 
transducers, the gas in p u t line  was protected by a m anua lly  
adjustable in  line  pressure regu la tor (O m nifit (U.K) L im ited, 
Model 3102). This was norm a lly  adjusted (m anually) to  a value 
ju s t below the m axim um  perm issible transducer pressure.
4 .4 .2  Pressure Step C a lib ra tion  Test
A  special test experim ent was carried ou t to  determ ine the 
m in im um  tim e base th a t could be used w ith  confidence in  th is  
system and to ascertain the sharpness' o f the step. In  th is  test 
two independent com puter systems were used, one to  measure 
the pressure transducers on ly and the o ther to con tro l the 
valve sw itch ing and a ll o ther norm al' system functions. In  th is  
way the data collection speed was increased s lig h tly  and the 
unce rta in ty  in  the tim e base therefore m inim ised.
The data collection system was started w ith  the m axim um  data 
reading rate (15 readings per second) and a lm ost 
sim ultaneously the second (controlling) com puter was started 
fo r its  sequence o f valve sw itch ing  and contro l. The entire  
process was repeated several tim es to  estab lish  the
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re p ro d u c ib ility  o f the step. Two examples o f th is  are shown in  
Figures 4.5 and 4.6 in  w h ich  a pressure step o f 1010 to rr was 
applied at the 'in le t' face o f an im perm eable Teflon sheet placed 
in  the membrane holder.
By analysis o f the data shown in  Figures 4.5 and 4.6 the 
m axim um  pressures atta ined were 1009 and 1008 to rr 
respectively fo r the two test example runs shown. In  both  o f 
these cases (and in  the other tests not illu s tra ted ) a pressure 
value greater than  99% o f the fin a l pressure was achieved in
1.3 seconds.
Having now being satisfied w ith  the ca lib ra tion  o f the gaseous 
system components, the gas testing apparatus was ready fo r 
use.
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5 Membrane C haracterisation Using the Gas Perm eation System. 
In trod uction
The transpo rt o f m ateria l w ill be effectively determ ined by the s tru c tu re  
o f the membrane. These s tru c tu ra l properties o f the test system  w ill 
determ ine the m echanism  o f transport and therefore it's  rate. In  
gaseous systems the conventional d riv ing  force is a concentration 
difference, a lthough the preference is to describe th is  in  term s o f the 
p a rtia l pressures (Hendry's Law). Porous membranes, these could be 
polym eric or inorgan ic/oxide  membranes, w ill in fluence the gas flow  
depending upon two m ain physical properties; (a) the effective pore size 
and (b) the pore geometry o f the membrane in  question. A  great va rie ty  
o f these two param eters can be found in  com m ercial m embranes today, 
examples o f these are shown schem atically in  Figure 5.1.
W ith  m ic ro filtra tio n  membranes, the s tru c tu ra l properties tend to be 
u n ifo rm  across the membrane th ickness (sym m etrical) and so the 
m em brane resistance to flow  extends across the entire  th ickness. W ith  
u ltra filtra tio n  and n a n o filtra tio n  m embranes these generally have an 
asym m etric s tructu re  in  w h ich  an active (top) layer determ ines the 
overall m embrane resistance. In  non-porous m embranes (a lthough 
there m ust be pores o f some description to a llow  gas flow) gas 
tra n spo rt/sepa ra tion  w ill be governed by d iffe ren t m echanism s. These 
mem branes require more dem anding operating conditions e.g. h igher 
operating pressures, h igher engineering demands w h ich  in  tu rn  w ill 
re su lt in  h igher in s ta lla tio n  and ru nn in g  costs. I t  is th is  type o f
5.1




Figure 5.1 Schem atic Representation o f the Possible 
Pore Geometries Present in  Membranes.
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m em brane th a t has h is to rica lly  been used in  m embrane gas 
experim ents and there is a huge lite ra tu re  th a t has amassed as a 
resu lt.
The em phasis o f th is  cu rren t study was to examine the porous type o f 
m em brane w ith  respect to  gas perm eation and therefore the 
rubbery /g lassy classifica tion o f polym er membrane w ill be effectively 
ignored in  th is  w ork.
O f the s tru c tu ra l types shown in  Figure 5.1 (a) the pareillel pore 
geometry was chosen fo r the p re lim in a iy  tests. These were anodic 
a lum ina  membranes prepared using m ethods developed in  earlie r w ork 
[1] . The membranes obtained in  th is  m anner had som ewhat special 
features th a t made them  an ideal system to study in itia lly . They had a 
u n ifo rm  p laner s truc tu re  w ith  regu lar para lle l pores set in  hexagonal 
arrays perpendicu lar to the surfaces. Membranes could be produced in  
an extrem ely reproducible m anner w ith  predeterm ined s tru c tu ra l 
properties such as pore size and membrane th ickness. This allowed fo r 
the testing  o f the gas transport m echanism  and (it was hoped) the 
determ ination  o f the effective pore size o f the m em brane. O ther 
s tru c tu ra l types were also tested, these were ceram ic m em branes o f 
d iffe ren t pore sizes and geometries, one being a disc in  the 
u ltra filtra tio n  range the other a tube form at o f n a n o filtra tio n  pore size.
5 .1  Background
There is  a huge lite ra tu re  covering the transpo rt o f gases (and liq u id  
vapours) th rough porous m ateria ls. A  few o f the key references related
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to th is  cu rren t are cited here [2-10]. W hen th is  involves m ore than  one 
geom etrical s truc tu re  or layer(s) the m echanism  can change (governed 
m a in ly  by the pore size). For porous m embranes ( 1-200 nm  pore size) 
there are three s ign ifican t mechanisms accounting fo r the gas flow, 
these are surface, Knudsen and Poiseuille flows.
Surface d iffus ion  occurs when the gas m olecules in te ra c t strong ly  w ith  
the pore w all, o r are even physica lly /chem ica lly  absorbed. Knudsen 
flow  occurs i f  the size o f the pore is sm aller than  the m ean free pa th  o f 
the gas molecules. U nder these conditions the gas m olecules collide 
w ith  the pore more frequently than  w ith  each other and so the lig h te r 
gases travel th rough the pore more rap id ly  than  the heavier m olecules. 
W ith  Poiseulle flow  (sometimes called viscous flow) the gas m olecules 
collide exclusively w ith  each other and effectively do no t even 'see' the 
pore. I t  is clear th a t there can be no separation in  th is  regime. The 
three m echanism s are represented schem atically in  Figure 5.2. In  
general the gas flu x  density across a m embrane , per u n it area per 
u n it tim e is defined by
J  = PAp E quation 5.1
where J  is the gas flu x  density (mol.s \m '^), P is the perm eability
(mol.s \m ^.P a^) and Ap is  the pressure difference (Pa)
5 .1 .1  Poiseuille (Viscous) Flow
For the Poiseuille m echanism , assum ing th a t we have a 
s truc tu re  as shown in  Figure 5.1 (a) then it  can be shown th a t
Jp  = ^  E quation  5.2
5 .4
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G as Perm eation System
where e is the membrane porosity, t| the gas viscosity (Pa.s),
|ip the pore to rtu o s ity  (un ity  in  th is  case), Ap is  the pressure 
difference (Pa), I is the membrane th ickness (m), R is  the gas 
constant (8.314 J.m o l \K ^ ) and T  the tem perature (K).
This indicates th a t the flu x  w ill be proportiona l to  the applied 
d riv ing  force (pressure) across the membrane, the pore rad ius 
(r"^ ) and inversely p roportiona l to the viscosity o f the gas.
5 .1 .2  Knudsen Flow
The mean free path  o f a gas (^) can be defined as the mean 
distance travelled by a molecule between collis ions. In  liq u id s  
the m olecules are very close together and the mean free path  
is extrem ely sm all ( a few nm) and so Knudsen d iffu s io n  can 
be to ta lly  ignored in  liq u id  systems. The mean free pa th  o f a 
gas however, depends upon the pressure and tem perature and 
so can be defined by
X =  k T /  E quation 5.3
where d is the gas m olecule diam eter (m) and T  the absolute
tem perature.
It  can be seen th a t as the pressure decreases the m ean free 
pa th  w ould increase and th is  w ould be p ropo rtiona l to 
tem perature a t constant pressure. For the membranes used in  
th is  study the pore sizes varied in  the range 5 to 200 nm  and 
therefore it  was expected th a t Knudsen d iffus ion  w ould  have a 
s ign ifican t effect [11, 12, 13]. The co n trib u tio n  to  the flu x  by a 
Knudsen regime can be shown to be
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2eLii<'Vr
J k  = 3 ^ ^  AP E quation 5.4
where e is the membrane porosity, |i^ is  the to rtu o s ity  factor, r  
is the mean pore rad ius (m) and v the gas ve locity (m .s^). 
Remembering th a t the gas velocity can be described by
V = E quation 5.5
where M is the m olecular w eight o f the m olecule (kg.m ol'
From  th is  re la tionsh ip  (Equation 5.5) i t  is obvious th a t the  gas 
flu x  is  dependant upon the square root o f the m olecular 
w eight and from  th is , th a t separation between gases w ill be 
p roportiona l to the inverse o f the square roo t o f the m olecular 
weight. This is in  some respects as was predicted in itia lly  in  
G raham 's law  o f E ffusion in  1846 [14] b u t th is  om itted the 
geom etrical co n tribu tion  o f the pore in  the separation process, 
described by Knudsen[15]. Th is means th a t there is a lim itin g  
separation factor (a) described by
^  E quation 5.6
where Ma and M ^ are the masses o f m olecules a  and b 
respectively.
5 .1 .3  Surface D iffusion
Surface d iffu s io n /tra n sp o rt occurs due to strong in te ra c tio n  o f 
the gas and the pore w a ll surface. Th is process can be 
described in  a num ber o f d iffe rent ways the m ost com m only
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accepted being the random  w a lk model. Th is is based on a 
two dim ensional form  o f K ick's law
|Js| = D s P s ^  Equation 5.7
where is the surface transport (kg.m'^), A  is  the outer 
surface (m^), the apparent density (kg.m ^), is  the
surface d iffus ion  coefficient (m^.s^) and d q /d l  the grad ient in  
surface occupation.
On re w ritin g  the surface d iffus ion  tra n sp o rt [16] i t  can be 
shown th a t
= W  = S S  ^  E qua tion  5.8
where is the surface d iffus ion  shape factor, A^ is the surface
occupied by one molecule(m^), is Avogaro's constant and %g 
the fraction  o f surface covered (in re la tion  to the m onolayer 
value).
From  th is  re la tionsh ip , the surface flu x  w ill increase as the 
pore size (r) decreases. However, the actua l surface d iffus ion  is 
dependant upon the product o f the (D .dx^/dp). On a given 
surface the qu a n tity  o f m ateria l absorbed w ill be larger at 
h igher absorption energies. The energy o f d iffus ion  (which is 
coupled to the absorption energy) also increases and th is  acts 
to lower the surface m obility . In  general, the occurrence o f 
surface d iffus ion  only acts to decrease the p o ss ib ility  o f 
separation when a Knudsen m echanism  is in  operation, the
5.8
G as Perm eation System
exception being fo r hydrogen on m etal surfaces.
For the anodic a lum ina membranes used here, the pore sizes 
were in  the range approxim ately 20 -70 nm . W ith  these three 
m echanism s taken in to  account the perm eability, P as 
represented in  Equation 5.1 m ay have some co n trib u tio n  from  
each and so could be broken down in to  these three 
com ponents as shown in  E quation 5.9
J  = PtotAp = (P Poiseuille PKnudsen '^Pswface^ E quation5.9
5 .1 .4  D eterm ination o f a Suitable T ransport M echanism
For membranes w ith  pore sizes sm aller th a n  about 100 nm
and a t low  gas pressures, the co n trib u tio n  to the gas flu x  by
the poiseuille and surface d iffus ion  can be neglected and the
gas transport w ould be determ ined due on ly to the Knudsen
d iffus ion  term
2euK'Vr
P = P/c = SKFI E quation 5.10
By su b s titu tin g  the mean gas velocity and porosity term s in to  
Equation(5.10) we can obtain
f  2 k ^ 2P = Pk  = — 3 j—  J E quation 5 .10(a)
and as the value o f w ill be a constant (B) we can
rew rite  Equation (5.10a) as
Rt-3
P = ——  E quation 5.11
i j u
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5,1.5 M em brane S tru c tu ra l C onsiderations
In  order th a t a membrane have good separation qua lities and 
a h igh  flu x  rate i t  requires very sm all pore sizes and extrem ely 
th in  active layers, som ething o f a dichotom y in  p ractica l 
term s. In  practice it  is no t feasible to have extrem ely th in  
unsupported porous layers (yet) and so some sort o f support 
s tru c tu re  is needed to add m echanical strength and resilience. 
This leads to the form ation o f asym m etric m embranes, th is  is 
true  fo r polym eric and inorganic membranes.
For a m u lti-la ye r m embrane o f n  layers (norm ally no t more 
than  three in  practice) i f  each in d iv id u a l layer obeys the 
Knudsen crite ria  independently, the to ta l perm eability, P can 
be related to the in d iv id u a l layers, as in  E quation (5.11) and 
show a root M re la tionsh ip
1 + t ••• = -JAf
m ^ B rf BrR y
E quation 5.12
P i P2 Pn 
where P^ is the composite perm eability, P  ^ the in d iv id u a l layer 
perm eabilities, B constant from  Equation (5.11) w h ich  is 
m embrane dependant, M is the m olecular w eight o f the gas, 
is the th ickness o f each layer and r^ the mean pore rad ius  o f 
each in d iv id u a l layer.
Provided th a t we can produce m embranes w ith  su itab le  layer 
structu res o f know n thickness and pore size and the layers
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fo llow  a Knudsen regime, i t  should be possible to obta in  data 
th a t accurately reflects the area o f in terest, the active layer.
5 .2  E xperim enta l Data Treatm ent
In  a ll o f the experim ents perform ed in  th is  present study, an 
instantaneous pressure step was generated a t one face o f a m embrane 
to  produce a transm em brane pressure difference. The m easurem ent 
cells and the associated m ethods were described fu lly  in  Chapter 4. 
Due to  the pressure difference generated across the membrane, gas 
perm eates th rough the membrane from  the h igh to the low  pressure 
side o f the cell. In  these experim ents the in p u t h a lf cell was 
m ain ta ined a t a constant pressure, p' and as the experim ent 
proceeded the pressure in  the collecting volum e h a lf cell, p" , 
increased. These pressures were m onitored by pressure transducers. 
The low  pressure side (collecting volume) had a know n volum e, V, and 
the ra te  a t w h ich  the gas permeated, d n /d t , could be evaluated from  
the gas pressure increase, d p "/d t from
p” V  = nRT E quation 5.13
from  th is , the rate o f the gas perm eation becomes.
E quation 5.14
I f  th is  is  defined as a gradient per u n it area o f m embrane, A  
^  = E quation 5.15
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In  general, = ^  -  ^  b u t in  th is  case ^  = 0 because p' is 
m ainta ined a t a constant level, and so d t d t
su b s titu tin g  fo r in  Equation (5.15) th is  becomes
ART" d F  ^  E q u a tio n 5.16
W hen the system  is  in  the steady state, is constant and Equation
(5.16) can be approxim ated to
T  -  - A S  E qu a U o „5 .17
where V  is  the  collecting volum e (m^), A  the exposed m em brane area 
(m^), T is the  absolute tem perature (K), Ap is the transm em brane 
pressure difference (Pa).
Using E quation  (5.17) the experim ental flu x  density could be 
determ ined from  the values recorded du ring  the experim ent, the 
pressures in  the in p u t and ou tp u t h a lf cells and the elapsed tim e since 
the ru n  commenced. From  the slopes o f the p lo ts o f gas flu x  versus 
transm em brane pressure, the perm eability could be obtained d irectly  
from  the slopes (mol.s \m ^.P a^).
5 .3  Experim enta l
The experim ental systems used have been described in  de ta il in  
C hapter 4. I t  only rem ains to re iterate th a t in  th is  cu rre n t research 
on ly single (pure) gas experim ents were performed. A ll o f the gases 
used were supplied (in Labcan™ form at) by Messer G riesham  Gases, 
Germany, w ith  the exception o f N itrogen (Oxygen free) w h ich  was 
supplied by BOG Ltd, UK. A ll gases were o f 99.99%  (or better) p u rity , a
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sum m ary o f th e ir physical properties are shown in  Table 5.1.
The membranes were secured in  a holder o f w ell defined area and each 
experim ent was performed in  trip lica te  a t 293K. The experim ental data 
was collected and processed using software w ritte n  specifica lly fo r 
th is  task. The raw  data was treated as described in  section 5.2 above, 
and the gas flu x  (J) determ ined when the system was in  the 
steady-state condition.
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5 .4  Results and D iscussion o f the Gas Perm eability System 
In  th is  section the resu lts o f the gas perm eation studies w ill be 
discussed. For each o f the m embrane systems to  be investigated in  
th is  research, the actua l membrane, th a t is the com posite m embrane, 
and the associated support m ateria l alone were available. As a great 
num ber o f com m ercial membranes are in  fact m u lti-la ye r m embranes, 
i t  was im p o rta n t th a t the co n trib u tio n  o f the support s tru c tu re  was 
known, i f  any s ign ifican t a ttem pt was to be made a t characteris ing the 
active layer alone as the active layers tend to be extrem ely th in  in  
re la tion  to the support media. I t  was shown earlier. E quation (5.12), 
th a t the to ta l perm eability o f a system is the sum  o f the com ponent 
parts. From  th is , i t  was clear th a t i f  we could ob ta in  accurate 
in fo rm ation  fo r the support alone and the composite (asymm etric) 
membrane, then it  w ould be possible to resolve the effect and 
co n trib u tio n  o f the active layer in  iso la tion  as shown in  E quation 5.18.
—  =  ------------    — ------ E quation 5.18
^  layer ^Composite ^Support
We m ust keep in  m ind th a t in  sections 5.1.4 and 5.1.5 i t  was stated 
th a t gas perm eation was due exclusively to a Knudsen m echanism , 
even in  the composite. I f  any add itiona l layer did no t satisfy th is  
constra in t the data hand ling  m ethod chosen here w ould clearly no t be 
va lid . For th is  reason, each co n trib u tin g  layer in  each m em brane was 
checked to ensure the Knudsen m echanism  was in  operation. I f  th is  
were not the case, some alternative m ethod o f in te rp re ta tio n  w ould 
become necessary. Experim ental precision was typ ica lly  ± 5%.
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5 .4 .1  Anodic A lum ina  Membranes
In  th is  type o f membrane we have an idealised s tru c tu re  w ith  
regard to pore size, geometry, to rtu o s ity  and th ickness. 
Membranes were prepared by an e lectro lytic m ethod [17] th a t 
allowed fo r the contro l o f m ost o f these param eters. Th is type 
o f m embrane has its e lf been the centre o f a great deal o f 
research[18, 19] b u t in  th is  cu rren t study we make use o f 
them  pure ly as 'test' systems. SEM p ictu res o f these 
m embranes are shown in  Plates 5.1 and 5.2.
Two basic tests were perform ed here (i) the effect o f th ickness 
to the gas flow  in  a single homogeneous layer and (ii) the effect 
o f producing a m u ti-laye r (2 layer) system in  w h ich  the active 
layer th ickness was varied.
In  the firs t instance, three membranes were prepared. A ll were 
homogeneous o f nom ina l pore size, 70 nm  b u t o f increasing 
th ickness, 48, 80 and 128 pm, these were labelled S A A l, SAA2 
and SAA3 respectively.
Secondly, the 48pm 'support' was chosen as a base m ate ria l 
and on the leading face o f th is  an active layer was grown w ith  
a nom ina l pore size o f 20 nm . The th ickness o f the active 
layers were 9 and 22 pm and these were labelled LA A l and 
LAA2 respectively.
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Plate 5.1 SEM photograph o f an Anodic A lum ina  M em brane.
Cross sectional view show ing the regu lar and pa ra lle l 
pore s truc tu re .
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Plate 5.2 SEM photograph o f an Anodic A lum ina  M embrane. 
P laner view showing the regu la r hexagonal a rray o f 
the cell s tructu re . D denotes the centre to centre 
distance and d the pore diam eter
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For each membrane, the three supports and two b ilaye r 
samples, the transm em brane pressure dependence o f the flu x  
(for several gases) at constant tem perature are shown in  
Figures 5.3 to 5.12. The observed gas fluxes were lin e a r w ith  
upstream  gas pressure ind ica ting  th a t the perm eabilties were 
constant over the period o f the experim ent.
As stated earlie r (in section 5.2) the perm eabilities were 
calculated d irectly  from  the slope o f these experim ental lines. 
The obtained experim ental perm eabilities fo r each m em brane 
are sum m arised in  Table 5.2. By choosing to prepare b ilaye r 
membranes using the 48 pm 'support' (SAAl) w ith  a fu rth e r 
applied layer, the perm eabilities o f the layer alone can be 
determ ined using Equation (5.18). The 'support' having a 
perm eability, Py , and the composite membrane (LAA l or 
LAA2) having a perm eability,
To assist w ith  c la rity , due to the va ria tion  in  th ickness o f the 
samples, it  was clearer to norm alise the data as the p roduct o f 
the perm eability and the th ickness, (P.Q, these data are shown 
in  Table 5.3 , fo r the sym m etric 'support' m embrane and Table
5.4 fo r the asym m etric samples.
From  the data it  was clear to see th a t there was a general 
decrease in  the perm eability values as the m olecular w eight o f 
the gas increased. It was also clear th a t the add ition  o f the 
active layer d ram atica lly reduced the to ta l gas perm eab ility
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(P^J shown in  Table 5.2. This was no t unexpected, as there 
was a pore size reduction (from  70 to 20 nm) at the interface 
between the support and the top layer s tructu re  b u t the 
m agnitude o f the effect was surpris ing . W ith  the presence o f a 
9pm active layer (LAAl) the perm eability o f the com posite 
m embrane was reduced by an average o f 58.9% and fo r the 
22pm  layer (LAA2) the reduction was 74.3% in  re la tion  to the 
to ta l perm eability o f the samples (data taken from  Table 5.5). 
Furtherm ore the difference in  th ickness by the add ition  o f the 
active layers were only 15% and 31% fo r LA A l and LAA2 
respectively.
A t the preparation stage the a lum ina film s do no t actua lly  
show pores th rough th e ir entire  th ickness. A t the in itia l 
interface w ith  the a lum in ium  substrate and the electrolyte a 
continuous 'barrie r' layer is formed. I t  is on ly when th is  is 
removed (conventionally by chem ical d issolution) th a t the pore 
s truc tu re  is revealed. Gas prem eation studies w ith  a 'ba rrie r' 
layer film , shown in  Plate 5.3, proved th a t no gas tra n sp o rt 
occured across the b a rrie r layer.
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Figure 5 .3  Gas Perm eation Tests o f a Hom ogeneous Anodic
A lu m in a  M em brane  (SA A l) w ith  d ifferent gases.
The M em brane Thickness was 48gm .
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Figure 5 .4  K nudsen  plot for the m em brane (S A A l)
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Figure 5 .5  Gas Perm eation Tests o f a Hom ogeneous Anodic
A lu m in a  M em brane (SAA2) w ith  d ifferent gases.
The M em brane Thickness was 80pm .
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Figure 5 .6  K nudsen p lot for the m em brane  (SAA2)
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Figure 5 .7  Gas Perm eation Tests of a Hom ogeneous Anodic
A lu m in a  M em brane (SAA3) w ith  d ifferent gases.
The M em brane Thickness was 129gm .
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Figure 5.8 Knudsen plot for the membrane (SAA3)
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Figure 5 .9  Gas Perm eation Tests of an  A sym m etric  Anodic
A lu m in a  M em brane (LA A l) w ith  d ifferent gases.
The M em brane Support w as 48g m  th ick  and the
Active Layer 9gm.
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Figure 5.10 Knudsen p lo t fo r B ilayer membrane (LAAl)
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Figure 5.11 Gas Permeation Tests o f an Asym m etric 
Anodic A lum ina Membrane (LAA2) w ith  
d iffe ren t gases. The Membrane support was 
48pm and the Active Layer 22pm.
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Figure 5.12 K nudsen plot for Bilayer m em brane  (LAA2)
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a  %
Plate 5.3 SEM photograph o f an Anodic A lum ina  M embrane.
Cross sectional view show ing the o rig ina l Capped 
Pore S tructu re .
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Before m oving on to other membrane types, some investiga tion  
o f an an anodic a lum ina support disc, 50 pm th ic k  w ith  a pore 
size o f 0.2 pm w hich had been coated on one face w ith  a layer 
o f a lum in ium  n itrid e  was carried out. Th is m ate ria l has 
po ten tia l uses in  the electronic in d u s tiy  and fo r possible 
separations in  extreme conditions due to  its  h igh chem ical 
s ta b ility  and strength. This layer was deposited using  a 
Plasma Enhanced Chem ical Vapour Deposition (PECVD) 
technique and had a th ickness o f 0.5pm. An example is  shown 
in  Plate 5.4. Gas perm eation tests w ith  n itrogen showed no 
detectable gas flow  over the perod o f one hour. A  s im ila r test 
using hydrogen, proved to be more in teresting.
I f  an open pore system is blocked a t one end by a th in  dense 
layer, the porous support w ould o f course re ta in  a Knudsen 
m echanism  fo r gas transport down the pore b u t the tra n sp o rt 
rate th rough  the dense layer w ould be the rate determ in ing 
step and th is  w ould no longer be by a Knudsen m echanism . 
Upon determ ination o f the hydrogen perm eation rate th rough  
th is  th in  dense layer we could establish two m ain  points:
(i) gas perm eation was m uch slower than  fo r the uncoated 
support b u t considering th a t th is  was such a th in  layer i t  was 
also s ign ifican tly  slower than  the b ilayer a lum ina samples 
prepared previously. Based on pressure values, the rate was 
close to 5000 tim es slower fo r the AIN coated layer when
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compared to the b ilayer samples described earlie r
(ii) Due to the slow perm eation rate, i t  was possible to obta in  
by experim ent, a tim e-lag value (x). The tim e-lag  value 
obtained was su ffic ien tly  large, so as to  reduce any e rro r in  
the sw itch ing to a negligible level and a tta in in g  the h ighest 
possible accuracy. This value o f the tim e-lag , in  tu rn  allowed 
fo r a ca lcu la tion  o f the d iffus ion  coefficient from
- ë
The experim ental data are shown in  Figures 5.13 to  5.15. In  
the firs t o f these (Figure 5.13) the response o f the 'support' to 
a hydrogen pressure step is shown. In  th is  instance the 
system reached >90% o f the eq u ilib riu m  value in  on ly 50-60 
seconds. In  Figure 5.14 the support data was superposed to 
the AIN coated sample fo r com parison between the two 
systems. F inally, in  Figure 5.15 the AIN coated data are 
shown. In  th is  experim ent over a period o f approxim ately 
20,000 seconds (5.5 hours) the pressure value increased by 
an am ount equivalent to on ly 3% o f the e q u ilib riu m  value.
The tim e-lag value obtained was 1125 seconds and th is  
corresponded to a value fo r the d iffus ion  coefficient o f 
3.7x10^^ m ^s '\ using the f /6 x  re la tionsh ip .
On a pure ly qua lita tive  basis, th is  experim ent clearly showed 
th a t the AIN layer had been successfully deposited defect free.
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S
Plate 5.4 SEM photograph o f an AIN coated Anodic A lum ina  
Membrane. Cross sectional view  show ing the 
defect free layer.
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Figure 5.13 Hydrogen gas permeation through an Anodic 
Alumina membrane, 60|im thick and with 
a nominal pore size of 0.2|im. The gas 
pressure step imposed was 1000 torr.
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Figure 5.14 Com parison in  relative hydrogen flow  between 
an Anodic A lum ina membrane, 60gm th ick  and 
w ith  a coated layer o f AIN (0.5pm). The gas 
pressure step imposed was 1000 torr.
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Figure 5.15 Hydrogen permeation through AIN coated
Anodic Alumina membrane. The estimated i  
value was 1125 s.
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O ther samples coated to a layer th ickness o f 0.1 pm d id  no t 
show the same low  order flows, these reached pressures close 
to 50% o f the equ ilib rium  values in  a m a tte r o f only 
tw enty m inutes. This showed beyond doubt th a t the deposited 
AIN layers were in  th is  case e ither incom plete or n o t defect 
free.
5 .4 .2  Ceramic D isc Membranes
U n like  the anodic a lum ina m embranes described above, the 
ceram ic membranes here d id no t have the same type o f 
regu la r geometric pore s tructu re . These ceram ic m embranes 
were prepared by sol-gel m ethods and s in te ring  to produce the 
fin a l m embrane [20]. There was s till some degree o f con tro l in  
the layer th ickness and the pore size o f the m embrane and the 
active layers could be produced defect free and add itiona lly  
w ith o u t s ign ifican t percolation in to  the support substrate to 
leave a 'sharp' interface between the m embrane com ponent 
parts.
The support s tructu re  in  th is  case was prepared from  
a-a lum ina  w ith  the th in  active layer being o f zirconia. The 
discs were 25 mm in  diam eter w ith  a support th ickness o f 600 
pm and an active layer th ickness o f 2.5pm  . As previously, the 
perm eabilities o f the support alone and those o f the com posite 
m em brane were determ ined experim entally w ith  the 
perm eabilities o f the active layer being determ ined using
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Equation (5.18). Checks were also made to ensure th a t the 
Knudsen d iffus ion  regime was s till va lid  in  bo th  o f these 
samples. The plots o f the gas flu x  density versus 
trans-m em brane pressure fo r the support (Figure 5.16) and fo r 
the composite membrane (Figure 5.17) were linear. Th is again 
confirm ed th a t the perm éabilités were constant over the period 
o f the experim ent. The p lots th a t confirm ed Knudsen flow  are 
shown in  Figure 5.18 (for the support) and Figure 5.19 (for 
the b ilayer membrane). A ll o f the experim ents were conducted 
using an imposed pressure step o f 100 kPa.
A  sum m ary o f the perm eation resu lts fo r the support (ZrSup) 
and the composite m embrane (Z rA L l) are shown in  Table 5.5. 
From  the data obtained it  was clear th a t there was again a 
general decrease in  perm eabilty as the gas m olecular w eight 
increased. I t  was also clear the the add ition  o f the active layer 
made a s ign ifican t difference in  the perm eation rates as 
compared to the support. In  th is  case the layer th ickness 
(2.5pm) changed the to ta l th ickness by on ly 0.4% b u t on 
average reduced the perm eability by s lig h tly  over 10%. This 
figure is no t as m arked as fo r the anodic a lum ina system b u t 
the ZrOg active layer in  th is  case had a nom ina l pore size more 
than  tw ice as large (43nm). The data calculated fo r the active 
layer is shown in  Table 5.6.
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Figure 5.16 Gas Permeation Tests of a Homogeneous
ceramic 'support' disc (ZrSup) with different 
gases, the thickness was 611pm.
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Figure 5.17 Gas permeation tests of an asymmetric 
ceramic membrane (ZrALl) with different 
gases. The total thickness was 619 gm, the 
active layer was 2.5gm thick.
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Figure 5.18 Knudsen plot for support disc 
(ZrSup)
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Figure 5.19 Knudsen plot for ceramic 
membrane (ZrALl)
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5.4.3 C eram ic T ube M em branes
This type o f m embrane was perhaps the m ost im po rtan t as it  
w ill be in  th is  form at th a t these systems w ill be used in  
com m ercial, in d u s tria l and process applications. I t  consisted 
o f a porous ceram ic tube (up to 5 m etres in  length) w h ich  was 
then processed to produce a continuous defect free active layer 
over its  length. C urrently, using sol-gel m ethods it  is  claim ed 
to a tta in  pore sizes as sm all as In m  [2 1 ].
The experim ental data obtained in  th is  instance was fo r a 
single tube form at (m ulti-channe l versions are available) w ith  
a 1  cm outer diam eter and a w a ll th ickness (support layer) o f 
1.75 m m  w ith  the active layer o f 2pm th ickness w ith  a 5 nm  
nom ina l pore size, tru ly  approaching n a n o filtra tio n  
dim ensions.
Gas perm eation studies were perform ed in  a s im ila r m anner to 
those previously described. In  order to  accommodate the 
tu b u la r geometry, some a lte ra tion  to  the gas perm eation cell 
was necessary. This did no t in  anyway effect the efficiency of 
the gas pressure step generated no r the data collection. 
Experim ental ru ns  were perform ed over a range o f d riv ing  
pressures (up to  30 kPa) and the re su lting  data are shown in  
Figures 5.20 to  F igure 5.24.
A com parison is  shown in  Figure 5.20 fo r the raw  pressure 
data fo r two tu b u la r systems w ith  n itrogen. In  the firs t only
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the support tube is exposed to the pressure step (10 kPa). I t  is 
clear to see from  th is  data th a t the support reached the 
e q u ilib riu m  value in  approxim ately 2  seconds. In  the second 
trace, the only difference was the presence o f the active layer 
(2 pm th ick , 5 nm  pore) and the tim e taken to  reach 
e q u ilib riu m  approached one hour. In  Figures 5.21 to  5.23 the 
transm em brane pressure versus gas flu x  density are p lo tted 
fo r applied pressure steps o f 100k, 200k and 300k Pa 
respectively. The Knudsen p lo t fo r the membrane is shown in  
F igure 5.24. The perm eabilities obtained from  these 
experim ents are shown in  Table 5.7 w ith  the calculated 
perm eabilities fo r the active layer alone, shown in  Table 5.8. 
W ith  th is  membrane, due to the very sm all nom ina l pore size 
in  the active layer (5nm) the effect o f the active layer was 
s ta rtlin g ly  clear. S im ply by the presence o f a 2pm layer the gas 
flows were reduced by a factor greater than  500 tim es (for a 
300kPa applied step). I t  was also clear from  th is  data th a t 
there was a s ign ifican t difference in  the perm eability o f CO^ 
compared to the other gases tested. W hen compared to the 
data fo r n itrogen the ideal separation factors (a) were found to 
be 1.85, 6.75 and 7.48 a t applied pressure steps o f 100, 200 
and 300kPa respectively. These las t two values were 
s ig n ifica n tly  larger than  the Knudsen ideal value o f 1.25 
(Equation 5.6). This showed conclusively th a t there m ust be
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an a lternative transport m echanism  w hich  was a id ing 
separation. F ina lly, several samples o f membrane were made 
available th a t claim ed to have a nom ina l pore size o f In m . A ll 
o f the samples tested showed th a t the active layer was no t free 
o f defects as the gas perm eation rates were a ll substan tia lly  
h igher than  fo r the 5nm  pore membrane samples.
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Figure 5.20 Com parison between the support tube 
and the 5nm m embrane response to a 
+ lb a r nitrogen pressure step.
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Figure 5.21 Gas Permeation Tests of a tubular ceramic
membrane (TLal) with different gases. Imposed 
step was +1 bar and the membrane thickness 
was 2|um.
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Figure 5.22 Gas Permeation Tests of a tubular ceramic
membrane (TLal) with different gases. Imposed 
step was +2 bar and the membrane thickness 
was 2pm.
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Figure 5.23 Gas Permeation Tests of a tubular ceramic
membrane (TLal) with different gases. Imposed 
step was +3 bar and the membrane thickness 
was 2pm.
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Figure 5.24 Knudsen p lo t fo r a 5nm  tube m embrane 
(TLal) w ith  +3 bar pressure step.
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5.4.4 'D ense' Polymer Film
A lthough the emphasis o f th is  cu rren t research was to  a ttem pt 
to examine inorganic(porous) systems, it  seemed on ly sensible 
to show th a t the system designed and constructed fo r th is  
study was also suitab le fo r the more conventional gas 
perm eation studies w ith  polym eric membranes.
There is a huge lite ra tu re  in  th is  area o f research and i t  was 
clear from  reading th a t m uch h igher gas pressures were used 
than  in  th is  cu rren t w ork [22, 23]. Due to the design o f the gas 
cell (for fla t sheets and discs) being m achined from  Perspex™ 
it  was deemed unw ise to proceed w ith  gas pressures larger 
than  50 kPa.
In  the test experim ent a polycarbonate film  (Bayer MACROFOL 
KG) o f 10 |im  th ickness was used to investigate the separation 
o f carbon dioxide and m ethane. The re su lting  data are shown 
in  Figure 5.25.
By exam ination o f the relative slopes fo r the COg/CH^ 
perm eation runs, a separation factor o f 19.53 was obtained. 
This compares favourably w ith  data published by Koros & 
Flem ing [23] in  w h ich  a separation factor o f 19.0 was cited. 
W ith  no redesign o f the cu rren t cell , s im ply a reconstruction  
in  tougher m ateria ls e.g stainless steel, there are no reasons 
w hy th is  system could no t be used a t h igher tem peratures and 
pressures i f  so required.
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Figure 5.25 Relative gas flows fo r a Bayer Macro fo il 
KG Polycarbonate film  (lOgm  th ick) 
w ith  +5 bar applied pressure steps.
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5.5 Pore Size E stim ation
The m easurem ent o f membrane pore sizes is no t a triv ia l m atter, 
p a rtic u la rly  as the pore size decreases. There have been m ethods o f 
m easurem ent available fo r some tim e b u t these alm ost always involve 
some physica l change in  the pore being examined, e.g. m icroscopy 
requires conductive coatings th a t m ay change the pore size, m ercury 
porosim etry w h ich  m ay cause an enlargem ent o f the pore.
One m ethod attem pted by several w orkers [24, 25, 26, 27] was to use 
a gas perm eation technique. One m ethod in  p a rticu la r, by Yasuda & 
Tsai used a pressure decay m ethod to determ ine pore sizes fo r 
m icroporous polym er membranes [28].Using th is  as a basis fo r data 
trea tm ent o f the gas perm eation experim ents perform ed in  th is  cu rre n t 
study, an a ttem pt was made to ascertain the s im p lic ity  and v a lid ity  o f 
the m ethod. Yashuda and Tsai report th a t the perm eability coefficient 
K, o f a porous m edium  could be expressed by
K  = Ko + j  Ap E quation 5.19
where Kq is the Knudsen perm eability coefficient,(cm^.s'^) r\ the gas 
viscosity (Pa.s), Bq is a geometric factor (m^) and Ap is the mean 
pressure i.e [(Pi+Pg) /  2 ] and not the pressure difference (Pi-Pa)-
F u rth e r detailed descriptions o f Kq and Bq are given and by
su b s titu tio n  in to  E quation (5.19) yields
E quation 5.20
Th is ind icates th a t the mean pore size, d(m) can be calculated d irectly
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from  the pressure dependence o f the gas perm eability w ith o u t any 
fu rth e r estim ation o f porosity, e , or the to rtu o s ity  factor, . The value 
fo r Kq can be obtained by extrapolation o f the perm eability data back 
to  zero pressure and the value o f Bq from  the slope o f the lin e a r p lo t 
(m u ltip lied  by the gas viscosity).
A  repeat o f a test perform ed by Yashuda and Tsai, using  a 0.025pm  
M illipo re  VSWP (a m ixed cellulose acetate &  n itra te ) m em brane was 
perform ed. Th is yielded very discouraging resu lts as the nom ina l pore 
size quoted was 0.031pm  b u t the value obtained in  th is  s tudy was 
0.011pm  (repeatedly). The experim ental data fo r th is  experim ent are 
shown in  F igure 5.26. As there were no add itiona l experim ents 
required m erely an a lternative data processing m ethod fo r the 
experim ental data already obtained, estim ates fo r the membranes 
used in  th is  study were performed, these are shown in  Table 5.9. 
U n like  the test experim ent, the pore sizes obtained were in  general 
agreement w ith  other methods.
E stim ation  o f the pore size could also be produced from  the Knudsen 
re la tionsh ip  to the gas flux. Equation (5.4) as the flu x  is p roportiona l 
to the pore size, r^. Th is m ethod has been used in  the past b u t it  
suffers greatly from  sens itiv ity  to deviations in  the actua l pore size in  
the membrane. W ith  the anodic a lum ina systems th is  is no t tru e  due 
to  the h igh ly  ordered pore geometry. Use o f th is  m ethod w ith  th is  type 
o f m embrane has been shown to produce excellent agreement w4th 
o ther m ethods o f pore size estim ation [29]. F ina lly, again due to the
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un ique s truc tu re  o f the anodic a lum ina system a very in te resting  effect 
has been shown w ith  regard to estim ating the pore size. The pore size 
can be estim ated (and controlled) in  the preparation stage as the 
electrolysis voltage used effectively contro ls the pore size produced. 
The m embranes grow in  hexagonal cells and the ra tio  o f the cell w id th , 
D, to  the pore diam eter, d, is fixed i f  a ll o ther electrolysis conditions 
are constant [29] as shown in  Plate 5.2. For the m embranes produced 
in  th is  study the re la tionsh ip  was found to be
^  = 2.55 & D = 2.8V  E quation 5.21
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Figure 5.26 Pore size estimation test plot using a
Millipore VSWP 0.025pm membrane filter.
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5 .6  C onclusions
The equipm ent designed and used in  th is  study was p redom inantly fo r 
the investigation o f gas transpo rt in  porous (inorganic) m embranes. 
Th is was due to an increased use o f these membranes a t a com m ercial 
/  in d u s tria l level. I t  was fe lt th a t a greater understand ing o f the active 
layers o f these membranes was needed and therefore a m ethod of 
determ ination. We are fo rtunate  in  th a t these m em branes are 
fabricated in  layers (s im ila r to a m odem  roadway), and th a t samples 
were made available at each step o f the preparation process. Th is was 
ce rta in ly  no t true  o f the conventional polym eric m embranes, in  any 
form at.
I t  was hoped at the outset, th a t both  qua lita tive  and quan tita tive  data 
w ould  be made available by th is  system. In itia lly , qua lita tive  tests 
could rap id ly  show i f  defect free layers were present. In  the case of 
gaseous transpo rt th is  was p a rticu la rly  sensitive as the s ligh test 
surface defect was clearly shown.
On a quantita tive  basis, the effect o f the active layer in  term s o f 
reducing the gas flow  rate and aid ing separation has been shown fo r 
sim ple 'unm odified' membranes. In  other w ork using th is  equipm ent 
(w ith in  the same research group) it  has been possible to  show the 
scale and effect due to the chem ical g ra fting  o f m olecules onto the 
surfaces o f these ceram ic membranes [29, 30, 31].
The vast m a jo rity  o f the resu lts shown here were based upon 
perm eability data. It  was hoped th a t use o f the tim e-lag value (x) could
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also be used to determ ine values fo r the d iffus ion  coefficients. This 
proved to be im practica l as the observed tim e-lag values were o f the 
order o f a few seconds in  these porous m ateria ls. This m eant th a t the 
unce rta in ty  o f the tim e-lag value, in  re la tion  to the tim e taken fo r the 
im position  o f the pressure step, was too h igh  and therefore i t  was 
unsound to attem pt th is  ca lcu la tion. This was no t the case fo r when 
dense layers were present and the system showed th a t it  was capable 
o f dealing w ith  th is  more 'conventional' membrane system.
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6 Experim enta l M easurem ent o f L iqu id  Based Systems 
In trod u ction
In  th is  chapter the m embrane testing apparatus and other associated 
techniques developed in  the course o f th is  research re la ting  to  liq u id  
based systems w ill be described in  d e ta il. The designs and construction  
o f the m easurem ent cells w ill be given together w ith  the m ethods used 
fo r the ca lib ra tion  and testing o f the cells, the in d iv id u a l m easuring 
devices and the overall m easurem ent systems.
Due to the com plexity o f the tasks required, in  a su itab le  tim escale, the 
use o f m odem  com puter based data aqu is ition  and con tro l was 
essential. Th is resulted in  a need fo r the development o f custom ised 
software to enable both  fo r the collection o f the in fo rm a tion  and fo r the 
effective d isp lay and m an ipu la tion  o f the collected data. Th is is again 
m entioned m erely in  passing in  th is  chapter b u t has been covered 
more fu lly  in  Chapter 3.
6 .1  General D escrip tion
The construction  o f a m embrane testing system capable o f m easuring 
tra n sp o rt th rough  m embranes in  liq u id  based systems is m uch more 
d iffic u lt th a n  fo r gaseous transport. Several systems have been 
described in  the lite ra tu re  [1,2,3] b u t each o f these have some m ajor 
problem  or d iffic u lty  in  operation. In  practice there are several 
d ifficu ltie s  (when compared to a gas system) th a t need to be overcome, 
these w ill be described in  the fo llow ing section.
In  th is  present research, the m echanism  chosen was fo r a so lu tion  o f
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one concentration to be changed in  p rincip le , instantaneously to 
another concentration level a t one face o f the test membrane. The 
liq u id  (solution) based test system designed and constructed in  th is  
s tudy used pum ped liq u id  flows across one exposed face o f a test 
membrane. The so lu tion  flow  was generated by a p e ris ta ltic  pum p 
(W atson-M arlow MHRE 200 M k 3, UK). This in  fact, was qu ite  a crude 
pum p o f th is  type as i t  employed only three pum p ro lle rs compared to 
the more m odem  type (up to 20 rollers) o f pum p. This was however, 
considered to be an advantage as the pu lsa tile  na ture  o f the induced 
flow  w ould help to reduce unstirred  layers at the m embrane surface. 
The so lutions were circu la ted around th e ir respective loops th rough 
P.T.F.E tub ing  (0.8m m  ID) w ith  the exception o f two sm all lengths o f 
M arprene (food quality) silicone tub ing  fitte d  a t the pum p head 
required to induce the flow. The so lutions were m ainta ined at a 
constant tem perature by storing them  in  borosilicate, liq u id  
chrom atography reservoirs (SOOcm^) (O m nifit L td ., UK, P art num ber 
3201) w hich were located in  a circu la ted w ater ba th  therm ostatted to 
25°C ± 0.05 °C, Hakke (Germany) Therm ostirre r Model 100. The 
co llecting volum e was stirred  by a P.T.F.E coated m agnetic s tirrin g  bar 
driven by a sm all external electrom agnetic s tirre r (Variom ag 100, 
Camlab, UK) w h ich  had no m oving parts and was capable o f being 
to ta lly  submerged as i t  used only low  voltage electrom agnets to  induce 
s tirrin g . A  schem atic o f the system layout is shown in  F igure 6.1
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6.2 M easurem en t Cell Design
The liq u id  perm eation test cell described here has evolved th rough  
several d iffe ren t stages. This was discussed in  the General 
In tro d u c tio n  (Chapter 1). The cell com prised o f two m ain sections. The 
cell body and a top piece (so lution delivery head) were both  
constructed from  Perspex™ (Polym ethylm ethaciylate). Th is m ateria l 
was chosen fo r its  excellent m achining properties and th a t i t  can be 
h igh ly  polished to leave a clear, transparent fin ish . This allowed for 
easy v isua l inspection to ensure no trapped a ir bubbles resided in  the 
collecting volum e and to ensure the m embrane was m ounted properly 
in  the cell. By choosing th is  m ateria l we were lim itin g  our use o f the 
system to effectively aqueous based systems b u t th is  was no t 
considered a disadvantage or re s tric tio n  a t th is  stage o f development. 
The cell body was its e lf sectional in  its  design. Th is was to a llow  fo r 
the p o ss ib ility  o f in terchanging sections o f the cell. By using  such a 
m odular design the collecting volum e could easily be m odified to 
accommodate a varie ty o f d iffe ren t cell param eters. These included 
increasing or decreasing the cell volum e, qu ick ly  replacing damaged 
sensors, placem ent o f add itiona l sensors or any com bination o f these 
as the test system  required. Each o f the com ponent parts o f the cell 
w ill be described below.
6 .2 .1  The Support Frame
This was an L-shaped b lock o f Perspex™ onto w h ich  the two 
other cell sections were located and secured in  place. On one
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face o f th is  'L  section a c ircu la r opening (12mm diam eter) was 
located. This opening was tapped and threaded and was fitte d  
w ith  a threaded screw cap. This cap served two purposes, 
firs tly  i t  sealed the contents o f the collecting volum e and 
secondly, i t  had located w ith in  i t  a tem perature m easuring 
device. F u ll engineering draw ings are shown in  Figure 6.2.
The opening fo r th is  screw cap was positioned in  such a way 
th a t the tem perature probe (a therm istor) was located cen tra lly  
in  the collecting volum e (position A, Figure 6.2). The fo u r holes 
d rilled  th rough the m ain face were fo r the screws th a t fastened 
to the s tirre r b lock and w hich sealed the collecting volum e 
together. The faces o f a ll three sections o f the cell were m illed  
fla t and polished to ensure th a t when the ceU body was 
assembled together th a t the cell was leak free. The two holes 
on the top o f the L-Piece (position B, F igure 6.2) were tapped 
and threaded and these (plus two others on the s tirre r block) 
located the cell top piece and flow  head.
6 .2 .2  The Detector B lock
This was a rectangular sectioned b lock o f Perspex™. Th is 
section served three basic purposes: (a) it  acted as the m ain  
constituent p a rt o f the collecting volum e its e lf (b) i t  contained 
and located the cell detection probes and (c) i t  defined the 
exposed test membrane area. F u ll engineering draw ings are 
shown in  Figure 6.3.
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Figure 6.2 Engineering Drawing for the Support Frame
Section of the Liquid System Test Cell Depicted 
from (1) End Elevation (2) Front Elevation and 
(3) Plan Viewpoints.
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Figure 6.3 Engineering Draw ing fo r the Detector B lock
Section o f the L iqu id System Test Cell Depicted 
from  (1) End Elevation (2) F ron t E levation and 
(3) Plan Viewpoints.
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Figure 6.4 Engineering Draw ing fo r the S tirre r Housing
Section o f the L iqu id System Test Cell Depicted 
from  (1) End Elevation (2) Front E levation and 
(3) Plan V iewpoints.
6 .8
E xperim ental (Liquid System s)
Figure 6.5 Engineering Drawing for the Liquid System 
Test Cell Solution Delivery Head Depicted 
from (1) Front Elevation and (2) Plan 
Viewpoints.
6.9
E xperim ental (Liquid System s)
. . . i J . . . .
o  o
0
i P  i 1 o
i
A .V .V . -
. . . . . . . . . 1 - - - - - - •
I P o :
1 cm
Figure 6.6 D raw ings o f the Assembled L iqu id  System 
Test Cell Depicted from  (1) End E levation 
(2) F ron t E levation and (3) Plan V iew points.
6 .1 0
E xperim ental (Liquid System s)
The c ircu la r design o f the m ain collecting volum e was chosen 
to enhance the m ix ing  w ith in  the detection cell. There were no 
pro jections or obstructions around th is  in n e r circum ference to 
again m in im ise the p o ss ib ility  o f u n s tirre d  layers or areas 
w ith in  the collecting volum e.
The detector section illu s tra te d  in  Figure 6.3 contained two 
d iffe ren t types o f in -b u ilt probes. These were e lectrical 
conductiv ity  electrodes and optica l (fibre optic) sensors.
6 .2 .2 .1  C onductiv ity M easurements
In itia lly , a p a ir o f conductiv ity  probes were placed as close 
as possible to the back face o f the test membrane. A t the 
development stages tests were carried ou t to determ ine the 
optim um  position and configura tion  o f the conductiv ity  
electrodes.
The firs t tests had pa irs o f electrodes a t positions A,B &  C 
(shown in  Figure 6.3) w ith  each p a ir being tested 
in d iv id u a lly  to measure the conductiv ity  o f a know n 
concentration so lu tion . As these electrodes consisted of 
extrem ely short lengths o f p la tin u m  w ire  the noise in  the 
m easured conductiv ity  was considerable. The next step was 
to  'm ix ' the pairs and measure between two electrodes in  
position  A-B, A-C (in F igure 6.3) . Th is resulted in  a s im ila r 
'noisy' signal , w h ich  was considered to be unacceptable. 
The next step was to increase the electrode area. Th is was
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achieved by using a loop ' electrode a t positions A  and B 
(Figure 6.3) and m easuring the conductiv ity  across th is  
section o f the cell. This resulted in  s ign ifican tly  im proved 
s ta b ility  o f the conductiv ity readings and was the 
con figu ra tion  adopted fo r p ractica l use.
6 .2 .2 .2  E lectrode Preparation
The conductiv ity  probes were constructed from  0.5m m  
grade 1 p la tin u m  w ire. This was fed th rough one o f the two 
holes (A&B Figure 6.3) and then looped back down the 
o ther hole on the same side o f the cell. The holes were then 
very ca re fu lly  sealed using a two p a rt encapsulating resin  
(CY1301 &  HY 1300 ,Ciba-Geigy Plastics, UK) on the inside 
face o f the collecting volum e cell. G reat care was taken to 
ensure th a t none o f th is  resin  touched the p la tin u m  w ire 
loops th a t now extended in to  the collecting volum e. W hen 
th is  had cured fu lly  (3 days) the p la tin u m  electrodes were 
p la tin ised  (to add a layer o f p la tin u m  b lack to the  w ire 
surface). Th is was perform ed by electrolysing the  two 
p la tin u m  w ires (as the cathode) in  a so lu tio n  o f 
ch lo rop la tin ic  acid (2% w /v  in  2M hydroch lo ric  acid) to 
w h ich  0.02%  lead acetate was added [4]. The anode in  the 
c irc u it was a sm all p la tin u m  fo il and the e lectro lysis was 
allowed to  continue fo r three m inutes w ith  a cu rre n t o f 0.4 
mA using a S olartron AS 1413 labora tory power supp ly
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u n it. On the outside edges the rem ain ing p la tin u m  w ire 
was tw isted together carefu lly  to create a sm all stub o f w ire. 
This was then soldered in to  a gold plated p in  socket taken 
from  a Cannon D-type connector (used in  com puter 
systems). This entire  assembly was then covered w ith  
Araldite™  adhesive (Ciba-Geigy) and fixed to the outside 
edges o f the detector section to give increased m echanical 
strength to the connection.
6 .2 .2 .3  O ptica l Pathway
In  an a lternative configuration, so lu tion  optica l densities 
were use to detect concentration changes. A  hole (6.5 m m  
diam eter) was d rilled  th rough the detector section para lle l 
to the top face (Position D, Figure 6.3). Th is was tapped and 
threaded and a stainless steel fib re  optic te rm ina to r, a 
905 /9 06  SMA bulkhead (Fibre O ptics Centre Ltd, UK, Part 
num ber 635) was then sealed in  position. These 
te rm inators had previously been fitte d  w ith  op tica l w indows 
o f Far UV grade s ilica  (Thermal Syndicate Ltd, UK) a t th e ir 
inne r ends. W ith  these in  place the optica l fibres from  the 
spectrophotom eter could be securely located and held in  
perfect a lignm ent.
6 .2 .3  S tirre r Housing B lock
This was a rectangular sectioned piece o f Perspex™. It  
contained a recessed hole (8 m m  diam eter) in to  w h ich  a
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P.T.F.E coated m agnetic s tirrin g  bar was located (Radleys 
Laborato iy Supplies Ltd, UK, Cat. Num ber F3725-0014). This 
section also acted as the locking piece w h ich  held the cell body 
together, fu ll engineering draw ings are shown in  Figure 6.4. 
The position ing  o f th is  s tirre r was extrem ely im portan t. Th is 
was the only means o f ensuring th a t there was concentration 
hom ogeneity th roughou t the collecting volum e. For th is  reason 
the s tirre r was placed o ff centre and as close as possible to the 
back face o f the test membrane. The recessed hole in  w h ich  
the s tirre r was located was only m arg ina lly w ider than  the 
s tirre r itse lf. This was to reduce any possible 'dead volum e' 
around and below the s tirre r and also to  ensure th a t the 
s tirre r could no t move around in  the cell or indeed touch 
against the m embrane surface. The depth o f th is  locating hole 
was also c ritica l. I f  th is  was not deep enough the top o f the 
ro ta ting  s tirre r w ould encroach in to  the optica l pa th  (th is 
w ould  be to ta lly  unacceptable). F inally, the two threaded holes 
(Position A, Figure 6.4) were fo r the screws th a t re ta ined the 
flow  head (in con junction  w ith  those in  the support fram e. 
Figure 6.2)
6 .2 .4  Screw Cap Seal
Th is was a threaded screw cap m achined from  Perspex™. This 
sealed the contents o f the cell and also housed a tem perature 
probe, a 'm icro ' heater and a bleed vent. M easurem ent o f the
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cell tem perature was extrem ely im po rtan t as electrolyte 
conductiv ity  varies w ith  tem perature. For potassium  chloride 
the conductiv ity  changes by approxim ately 2% per degree 
Centigrade [5]. Therm ocouples were used o rig in a lly  b u t they 
proved to have too slow a tim e response. The tem perature 
probe used in  th is  design was a negative tem perature 
coefficient (n.t.c) the rm isto r (R.S Components Ltd,U K, Cat Nos. 
151-013). This was a resistance variable device (0 to  1 Mohm) 
dependant on tem perature. They were physica lly very sm all 
and could be easily encapsulated in to  such a device. The 
connections were made using the gold plated Cannon D-type 
plugs and sockets referred to earlier (in section 6.2.2.2). The 
'm icro ' heater was also a n .t.c  the rm isto r (R.S , Cat Nos. 
151-029) o f a s im ila r type b u t w ith  a d iffe ren t resistance 
range value (0 to 2k ohms). This was connected to a labora tory 
power supply (Solartron Instrum ents Ltd, UK Model AS 1413) 
and could be sw itched in  and out o f c irc u it on demand using a 
contact closure contro lled from  the com puter. B oth  o f these 
devices were securely located w ith  Araldite™  adhesive to 
protect the delicate connections.
6 .2 .5  S olution Delivery Head
The so lu tion  de live iy head was also constructed from  
Perspex™ and is shown in  Figure 6.5. Like the other 
com ponent parts o f the m easurem ent cell the m echanical
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engineering needed in  th is  design was o f the highest qua lity . A  
single piece o f rectangular Perspex™ 46x25x5m m  had a sm all 
rectangular channel 6x9x2 m m  m illed ou t from  the centre o f 
the block, th is  was to form  the cham ber in to  w h ich  the 
so lu tion  w ould flow. Im m ediately adjacent to  th is  (on the 
longer sides) another channel was m illed out. This tim e the 
channels were offset a t approxim ately 40° from  the horizonta l 
plane to create a double wedge shape. On the slopes o f these 
wedges two sm all sem i-c ircu la r channels were made to  d irect 
the so lu tion  flow  on to the cham ber im m ediately above the test 
membrane. Close to the fo u r com ers b u t on the edges o f the 
block, fo u r holes were d rille d  diagonally towards the centra l 
chamber. In to  these holes the so lu tion  delivery tubes were 
fixed in  place. These were stainless steel tub ing  adapters 
(O m nifit L td., UK, Cat Nos. 2505) th a t allowed fo r connection 
to the larger P.T.F.E tub ing  used in  the two pumped so lu tion  
loops. The flows were arranged in  such a way th a t both 
so lu tions (low &  high concentration) w ould flow  diagonally 
across and upw ards over the test membrane surface. The in le t 
and ou tle t ports were also offset s lig h tly  to  ensure th a t the 
flow  pa tte rn  in  the cham ber was as tu rb u le n t as possible 
du ring  the sho rt residence tim e o f the so lu tion  'slab' in  the 
chamber. F u ll engineering draw ings fo r the cell so lu tion  
de live iy head are shown in  F igure 6.5.
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6.2.6 M easurem ent of the  Cell Volume
The cell was taken apart, washed and then tho rough ly  dried 
and reassembled. A  diagram m atic view o f the assembled cell is 
shown in  Figure 6.6. The cell flow  head was screwed in to  
position w ith  a m icroscope cover s lip  placed over the cell 
opening, th is  was to seal the collecting volum e off. The cell was 
weighed on an electronic top ban balance (M etier AE163) and 
the w eight and tem perature noted. The cell was then  fille d  
w ith  degassed d is tilled  w ater and placed back on the balance. 
It  was allowed to a tta in  the same tem perature as the  previous 
w eight reading (20°C) and the w eight recorded. This 
procedure was repeated three tim es and the w eights differed 
by no more than  5mg. The volum e was then obtained by using 
w ater density values at 20 °C and converting the w e igh t to a 
volum e. The to ta l cell volum e was found to be 1.752cm^
6 .3  M easurem ent Equipm ent
The in d iv id u a l m easurm ent devices used in  the system are described 
b rie fly  in  th is  section.
6 .3 .1  Tem perature
The ohm ic resistance o f the n .t.c  the rm is to r bead sealed in to  
the screw cap was measured using an electronic d ig ita l 
m u ltim e te r (Solartron Instrum ents Ltd, UK, Model 7151). This 
p a rticu la r ins trum en t had a m easurem ent precision o f 
0.003%  (over 24 hours) fo r the m easurem ent range used (200
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Kohms) and used a m easurem ent cu rren t o f 1 pA. This was a 
to ta lly  program m able ins trum en t as it  had in  b u ilt IEEE-488 
and RS-232 interfaces. For speed and ease o f use w ith  the 
o ther electronic com ponents in  the system the IEEE-488 
in terface was used fo r the data collection
6 .3 .2  S o lu tion  (E lectrolytic) C onductiv ity
E lectro ly tic  conductiv ity  in  th is  study was m easured using  a 
Wayne Kerr Instrum ents, UK, B905a bridge. Th is bridge 
m easured the conductiv ity  o f the test so lu tion  using  a h igh 
frequency (m inim um  1 KHz) sinuso ida l a lte rna ting  po ten tia l 
from  an in te rn a l oscilla to r to prevent electrolysis o f the test 
so lu tion  occurring. F u rthe r general in fo rm ation  regarding the 
design o f such instrum ents can be found elsewhere [10]. The 
m easurem ent range o f the 905a was from  0 to 1 Seimens ± 
0.05%  (or ± InS ). The in s trum e n t was also fitte d  w ith  an 
op tiona l IEEE-488 interface w h ich  perm itted fu lly  autom ated 
data co llection and contro l o f the instrum ent.
Connection from  the bridge to the m easurem ent cell was made 
th rough  Kelvin leads. These were fu lly  screened fo u r te rm ina l 
leads th a t allowed connection to one p a ir o f m easurem ent 
po in ts. A dd itiona lly  the bridge was capable o f 'trim m in g ' ou t 
the resistive and capacitive elements o f the m easurem ent 
leads, th u s  ensuring th a t any measured effect was no t being
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generated by po la risa tion  o f the leads b u t by the test system 
under investigation.
6 .3 .3  O ptica l D ensity (Absorbance) M easurem ent
S olu tion absorbance in  the u ltra -v io le t to  v is ib le  region o f the 
electrom agnetic spectrum  was measured using a UV-V isible 
spectrophotom eter. The in s tru m e n t used in  th is  s tudy was a 
Guided Wave Model 260,(UOP Inc., USA) th is  was a h igh 
resolution, single beam scanning spectrophotom eter. I t  was 
m odular in  design and a va rie ty  o f gratings, filte rs , detectors 
and s lits  were read ily available.
U nlike conventional spectrophotom eters th is  in s tru m e n t did 
not have a sample com partm ent. Instead, op tica l fib res carried 
the lig h t to the sample and re turned the sam ple-m odified lig h t 
to the in s tru m e n t fo r analysis. This allowed in  s itu  
m easurem ent of chem ical com position and th is  was extrem ely 
pow erful in  its  im p lica tions fo r real tim e m easurem ent o f 
membrane tra n sp o rt phenomena as m any o f the perm eant 
m ateria ls o f in te rest absorb rad ia tion  in  the range o f 
frequencies covered by th is  type o f ins trum en t.
The in s trum e n t was to ta lly  autom ated and a ll o f its  functions 
were available v ia  com puter contro l. D ata and in s tru c tio n s  
could be passed e ither by RS-232 data lin k  (slow option) or 
by way o f a dedicated interface board. The la tte r allowed m uch 
faster data collection rates and also had some add itiona l
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features such as in  b u ilt diagnostic tests and was therefore the 
interface o f choice.
6 .4  M easurem ent System and Ins trum en t C a lib ra tion  
I f  great confidence was to be taken from  the readings obtained from  
the various com ponent parts o f the m easurem ent system, tests to 
prove the range and accuracy o f the m easurem ents had to  be 
obtained. In  th is  section the methods used fo r th is  purpose are 
described.
6 .4 .1  C a lib ra tion  o f Therm istors
The bead type therm istors used in  th is  w ork were o f the glass 
sheathed variety. The ir resistance value changed w ith  
tem perature, accordingly a m easurem ent check o f the range o f 
tem perature was perform ed. The therm isto r, encapsulated in  
the screw cap assembly was carefu lly positioned in  a w ater 
bath, ensuring th a t the e lectrical contacts were n o t themselves 
below the surface a t any tim e. The bath  tem perature was 
varied and contro lled using a Hakke T herm ostirre r 100 
(Germany) hea te r/ c ircu la to r between 20 and 40 °C w ith  the 
resistance values being recorded when the readings stabilised. 
The ba th  tem perature readings were recorded using  a recently 
calibrated p la tin u m  resistance therm om eter. Th is resulted (not 
unexpectedly) in  a non-linear response over th is  tem perature 
range. The procedure was repeated b u t over a narrow er 
tem perature range (22 to 27°C) and on th is  occasion the ba th
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tem peratures were measured using a narrow  range d ip-type 
m ercury therm om eter (15 cm im m ersion, G.H Zeal, London, 
UK, seria l nos. H EG /776). Th is therm om eter had N ationa l 
Physics Laborato iy (NPL) ce rtifica tion  (Reference 121478) and 
was traceable back to B ritis h  Standards [6]. The resistance 
versus tem perature re la tionsh ip  was recorded and is  shown in  
Figure 6.7. A  least squares analysis o f th is  data y ie lds an 
equation th a t very accurately describes the line. Using the line  
f it  values obtained, the experim ental recording o f resistance 
was converted d irectly  to the tem perature o f the co llecting 
volum e.
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y = m x + c 
m= -0.02884  
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Figure 6.7 C a lib ra tion  Profile fo r the n .t.c  Therm istor
Bead Encapsulated in  the Screw Cap Assem bly o f 
the Membrane Test Cell.
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6 .4 .2  U ltra -V io le t/V is ib le  Spectrophotom eter
The Guided Wave 260 was a single beam in s tru m e n t and as 
such required certa in  conditions i f  the highest accuracy was to 
be achieved. In  the ins trum en t used in  th is  s tudy the 
detection system used was a P ho tom ultip lie r device and had a 
w orking  range between 190-700nm . O bviously, wavelength 
selection was very im portan t and to check th a t the d iffra c tio n  
grating  could accurately resolve to a specified wavelength two 
independent tests were used fo r ca lib ra tion . Before every 
series o f analysis a t least one o f the two tests described below 
were perform ed.
(A) D idym ium  F ilte r
Th is was a glass slide w ith  a coated film  o f D idym ium  oxide 
and th is  has been used extensively fo r wavelength ca lib ra tion  
in  the visib le  spectral region. This has two sharp and w ell 
resolved peaks a t 573 ± 3 nm  and 586 ± 3 nm , the la tte r 
having a s lig h tly  stronger absorbance. The Guided Wave 
reported the peak m axim a to be a t 572.5 nm  and 584.6 nm  
w ith  the absorbance values being 1.018 and 1.274 Abs 
respectively. These values were w ell w ith in  the allowed range 
o f acceptability and are shown in  Figure 6.8
(B) Narrow Band Interference F ilte r
These optica l filte rs  were specified to be 1.5 nm  w ide ± 0.2 nm  
w ith  approxim ately 30% peak transm ission (note, the peak
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height w ill vary depending upon the bandw id th  o f the analyser 
used). The m ost com m only used o f these narrow  band filte rs  is 
the p rim ary He-Ne laser line  a t 632.8nm . Using such a filte r 
(Speirs Robertson Ltd, UK, Part Num ber 29-6100) a 
wavelength scan e ither side o f th is  value was perform ed, the 
m axim um  transm ission value was found a t 632.8nm  . The 
resu lts  are shown in  Figure 6.9.
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Figure 6.8 Wavelength Accuracy C a lib ra tion  Test
Using a D idym ium  Coated O ptical Glass 
Slide.
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Figure 6.9 D iffrac tion  G rating C a lib ra tion  Test Using 
a Narrow Band F ilte r a t the Prim ary He-Ne 
Laser W avelength(632.8nm)
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6 .4 .3  Conductivity Bridge M easurem ents
The m easurem ent o f the so lu tion  conductiv ity  was a re la tive ly 
sim ple m atter. The bridge was 'trim m ed' before every analysis 
to  remove any influence o f the m easurem ent leads. A  sample 
o f therm ostatted d is tilled  w ater was placed in  the 
m easurem ent cell and the conductiv ity  noted. Th is w ater 
reference value was then subtracted from  a ll subsequent 
readings to give the conductiv ity  due to the so lu tion  alone. The 
im portance o f tem perature m ust no t be overlooked when 
accurate conductiv ity  m easurements are required as we are in  
effect m easuring a resistance, th is  tem perature effect was 
noted earlie r (section 6.2.4). In  some cases th is  could be 
s ign ifican t due to the extrem ely low  sa lt concentra tion o f the 
collection volum e solution.
6 .5  The G eneration o f a Concentration Step
The a b ility  to generate a sudden and re liable concentration step a t the 
externa l face o f a test membrane was im perative to the success o f the 
system. This was achieved in  a m anner s im ila r to th a t described 
previously in  Chapter 4 (Gaseous System). U nlike  the gaseous system, 
the generation o f a sharp concentration change in  the so lu tion  phase 
is no t so sim ple a m atter. A t the po in t o f the sw itch there w ill be 
s ign ifican t m ixing  o f the two so lu tions and th is  represents a 
substan tia l problem . The low  concentration so lu tion  (norm ally d is tille d  
water) w ill be ve iy  easily contam inated and the h igher concentra tion
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also d ilu ted  by a s im ila r am ount. To overcome th is , fo r a period o f tim e 
a fte r the sw itch was imposed the so lu tion  flow  exiting  the flow  head 
was pum ped ou t o f the looped flow  system to waste. The same type o f 
e lectrica l solenoid valves were used, Angar S cientific Co., USA, D irect 
A cting  Solenoids Models 340 &  341, fo r a ll o f the reasons described 
previously in  Section 4.3.4.
6 .5 .1  System Assem bly and Layout
The two flow  so lutions were com pletely isolated from  each 
other in  two discrete loops w ith  the exception o f the sm all 
po rtion  o f so lu tion  th a t actua lly  flowed th rough the flow  head 
and across the exposed m embrane surface. Both o f these 
loops were as iden tica l as possible w ith  regard to th e ir overall 
volum es, lengths and types o f tu b ing  used and the physical 
locations o f the sw itch ing solenoid valves. Three solenoid 
valves were used in  each o f the two so lu tion  loops, two three 
way and one two way valves. Both o f the two 'm irrored ' loops 
were effectively divided in to  two sub-loops w ith in  the one 
m ajor loop. This configura tion  is shown d iagram atica lly in  
Figure 6.10. The reasons fo r th is  layou t were; (a) to  ensure 
th a t there was no poss ib ility  o f a pressure b u ild -u p  in  the 
pum ped loops and (b) to ensure th a t there was no so lu tion  
cross contam ination as th is  w ould reduce the system efficacy. 
Each valve in  the system had a specific purpose in  the loop 
and th is  w ill now be explained.
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The so lu tion  was pumped from  the reservoir and directed 
th rough valve V I to fo llow  route A, towards the T-piece 
ju n c tio n . As valve V2 is  positioned such th a t so lu tion  could 
flow  towards the flow  head, using route B, the valve V3 is 
closed. As valve V3 is closed th is  prevents, by means o f an a ir 
b lock or by sta tionary so lution, a flow  in to  the flow  head 
assembly (via route B) and the so lu tion  takes the path  o f 
least resistance, route C, back in to  the so lu tion  reservoir.
The test cell was fitte d  w ith  the test m embrane and the flow  
head screwed in to  position. The fou r so lu tion  flow  tubes were 
then fixed in  place w ith  the so lu tion  feeds being a t the bottom  
en try po in ts and the related so lu tion  exits being on the top 
diagonally opposite. The solutions to be used were fu lly  
tem perature equ ilibrated and the cell s tirre r started. The 
m easurem ent leads were connected to th e ir related sensors 
and the system was now ready fo r an experim ent to begin.
6 .5 .2  S olu tion Flow to the Test Cell (Sw itch Logic)
W hen flow  o f the low concentration so lu tion  was allowed 
across the membrane surface by the com puter m eeting a ll o f 
its  param eter c rite ria  (discussed earlier) a series o f valve 
switches occurred in  a very w ell defined sequence over a short 
tim e period. In  the fo llow ing description a ll valve values refer 
to those shown in  Figure 6.10.
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V I & V2 : 3 way valves
V3 : 2 way valve
R1 & R2: S o lu tion Reservoirs
Figure 6.10 A sehematie representation o f the L iqu id  Flow 
System Layout and Valve C onfiguration.
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A t the in s ta n t o f the sw itch, valve V I redirects so lu tion  away 
from  route A  to A , an in s ta n t la te r (<0. Is) valve V3 opens. This 
allowed so lu tion  to flow  th rough the cell head and over the 
exposed surface o f the test membrane. A nother in s ta n t la te r 
(<0. Is) valve V2 redirects the so lu tion  exiting  the flow  head to 
a waste bottle . This flow  pa tte rn  continues fo r the user 
predefined tim e period (norm ally 5-10 s). Th is allowed any 
m ixed so lu tion  to be ejected from  the system. A t the end o f 
th is  'to waste' period, valve V2 changed state and redirected 
flow  back in to  the loop and subsequently back to  the so lu tion  
reservoir. The so lu tion  volum e le ft in  the tu b in g  between the 
T-piece and valve V I was now sta tionary due to valve V I being 
sw itched to the A  position.
W hen the desired concentration step was to be im posed the 
reverse o f the sequence above took place on the low  
concentration side. Valve V3 closed and V I redirected liq u id  
flow  back to the reservoir. On the h igh concentration side the 
sw itch ing sequence described above was replicated and the 
concentration step was applied. This so lu tion  flow  logic fo r a 
fu ll cycle (low to h igh and back to low  concentration) is shown 
d iagram atica lly in  Figure 6.11.
6 .5 .3  Pumped S olu tion Flow Rates
The two so lutions pumped across the exposed m em brane 
surface were responsible fo r the generation o f the
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concentration step. It  was obvious th a t the liq u id  flow  ve locity 
used w ould greatly determ ine the effectiveness o f th is  process. 
W hen the so lutions were pumped at h igh  speed th rough  the 
tub ing  and valve netw ork and across the flow  head delivery 
channel, large quantities o f a ir bubbles were generated. These 
caused two problem s; (a) they caused a ir pockets to  fo rm  at 
the pum p head and as a re su lt little  or no so lu tion  flow  was 
induced and (b) a ir bubbles form ed and got trapped in  the flow  
head chamber, th is  effectively reduced the exposed m em brane 
area on the outer membrane face exposed to  the flow ing 
solutions.
W hen very slow pum p speeds were used no a ir bubbles were 
form ed b u t o f course the so lu tion  changeover when a step was 
applied was extrem ely slow and therefore, to ta lly  inadequate. 
A  comprom ise between these two extremes was necessary.
A fte r a series o f tests to determ ine the optim um  so lu tion  flow  
rates, a value was accepted th a t gave good so lu tion  
changeover and did not give excessive problem s w ith  large 
quantities o f a ir bubbles being produced. In  the diagram  o f the 
flow  head (Figure 6.5) the so lu tion  void d irec tly  above the 
exposed membrane had a to ta l volum e o f on ly 0.18cm^. The 
vo lum etric flow  rate decided upon (and verified in  bo th  loops) 
was 1.15 c m V \
6.32
E xperim ental (Liquid System s)





0) o> u. B
, 9  c/3




























E xperim ental (Liquid System s)
Using such a flow  rate the so lu tion  'slab' in  the flow  head void 
was replenished more than  s ix  tim es per second. In  
con junction  w ith  the pu lsa tile  na tu re  o f th is  flow  and the 
hydrodynam ic flows in  the void i t  was considered th a t such a 
flow  rate was su ffic ien t to ensure th a t u n s tirre d  layers near 
the m embrane surface had been m inim ised .
6 .5 .4  C a lib ra tion  Test fo r an Imposed C oncentration Step
A  contro l test was perform ed to determ ine the sharpness, 
regu la rity  and the effective m in im um  tim ebase o f any applied 
concentration step. D uring  th is  test two com puter systems 
were used, one to perform  a ll o f the "norm al' valve sw itch ing, 
tim in g  and contro l functions and the second system to  solely 
collect data from  the detection system. In  th is  p a rticu la r test 
the U .V-V isible spectrophotom eter system was used fo r 
collection o f the test data.
The membrane cell flow  head was isolated from  the co llecting 
volum e by using a clear glass m icroscope cover s lip . Th is was 
to m im ic as closely as possible the 'norm al' dim ensions o f a 
test membrane and also to ensure a transparen t op tica l 
pathway a t 90° to the membrane surface. The two op tica l 
fibres carrying the lig h t source were arranged in  a m anner 
th a t the flow  head 'w indow ' was m onitored, ra the r th a n  the 
norm al collecting volum e position.
In  order to ru n  th is  test successfully a h igh ly  coloured
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substance, w h ich  was easily w ater soluble and w ould no t 
present a problem  w ith  respect to absorption onto the ce ll or 
any o f the tub ing  was sought. Using these c rite ria  a blue 
anionic dye (Erioglaucine or B rillia n t B lue FCF, CAS No 
[3844-45-9]) was chosen[7j.
The two so lutions used fo r th is  step test were d is tille d  w ater 
(low conc.) and the blue coloured food dye . A  so lu tion  o f the 
dye was prepared (l% v /v ) and a scan taken in  the v is ib le  
region o f the spectrum . From th is  spectra the m axim um  
absorbance (X ^^) was found to be at 625nm  and th is  was the 
analysis wavelength used fo r the test.
The two therm ostatted so lutions were pum ped around in  th e ir 
standby' loops and the data collection system started a t its  
m axim um  collection rate (10 readings per second). A lm ost 
sim ultaneously the sw itch con tro lling  system was started and 
a series o f successive switches between the clear and the 
coloured so lutions begun using the sw itch ing logic described 
previously (Section 6.5.2). Th is entire procedure was repeated 
several tim es to check the regu la rity  and re p ro d u c ib ility  o f the 
imposed step w ith  p a rticu la r a tten tion  being paid to  the step 
am plitude. Any d im in u tion  o f the am plitude w ould  be a clear 
ind ica tion  o f cross contam ination o f the two so lu tions.
A selection o f data from  these test runs are shown in  Figures 
6.12 and 6.13 In  the firs t o f these. F igure 6.12 a series o f
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concentration steps (both up and down) are shown in  th e ir 
entire ty. From  th is  data i t  is clear th a t the re gu la rity  o f the 
imposed step is excellent, 29.9 seconds between each o f the 
wave steps, fo r a set wave period o f 60 seconds and th a t there 
was no detectable decrease in  the wave am plitude as the ru n  
progressed.
In  the second figure. Figure 6.13, the tim ebase o f the sw itch 
was more rigorously examined. In  th is  figure three sw itch 
cycles were superposed on each other. F u rthe r analysis o f th is  
data shows th a t fo r the s ix switches shown the absorbance 
values measured changed between O.OlAbs to 0.14 Abs in  an 
average o f on ly 0.75 seconds. I t  was also clear from  th is  Figure 
th a t the tim e taken to re tu rn  to an acceptable 'zero' value 
(after a sw itch to the low  concentration) took longer, in  excess 
o f 1.5 seconds. The reason fo r th is  rem ains unclear b u t th is  
was no t a s ign ifican t problem  in  term s o f the systems use, 
provided the tim ebase o f any effect is large re la tive  to th is  
'ta il' on the step down to a low  concentration.
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6 .6  'Null' Cell T ests
The fin a l stage in  the com m issioning and testing o f th is  so lu tion  
based m embrane transpo rt system was to  ensure th a t the  com plete 
system  its e lf d id  no t generate effects (artefacts) th a t may m istaken ly  be 
in te rpre ted as membrane based phenomena. To ensure th a t th is  was 
n o t the case , tests were perform ed in  w h ich  a ll valve sw itches etc. 
were carried ou t as norm al b u t w ith  no membrane present and w ith  a 
constant background test so lu tion  (of very d ilu te  potassium  chloride) 
in  the collecting volum e and using th is  same so lu tion  in  bo th  pum ped 
loops. No changes were observed w ith  th is  test, due to valve sw itch ing  
or any o f the other m easurem ent procedures.
The fin a l tests perform ed were w ith  a W hatm an Anpore™  A lum ina  
m embrane (0.02 pm) placed in  the cell. The collecting volum e was 
fille d  w ith  a 0 .000 IM  potassium  chloride so lu tion  and a test 
concentration step ru n  started. In  the firs t test ru n , bo th  the low  and 
the h igh concentration so lu tions used were the same (0 .000 IM  
potassium  chloride) and the conductiv ity  value in  the co llecting 
volum e m onitored. In  an ideal s itua tion  a horizonta l 'n u ll' line  w ould  
be the re su lt o f such a test. The resu lts  o f th is  test are shown in  
Figure 6.14 and show ve iy  good agreement w ith  th is  ideal s itu a tio n .
In  the second (and fina l) test as a com parison, the h igh concentra tion  
so lu tion  used was changed to 0 .0 IM  potassium  chloride, a ll o ther 
system param eters rem ained as before. The re su lt o f th is  im posed 
(real) concentration step is shown in  Figure 6.15 and proved
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conclusive ly th a t the very sm all va ria tion  in  the n u ll test ( due to a 
very s lig h t tem perature varia tion) was to ta lly  neglig ib le when 
com pared to th is  'norm al' s itua tion .
W ith  the testing  stage fo r the liq u id  based system now com pleted it  
was w ith  great confidence in  th is  system th a t we could now  proceed to 
investigate some o f the fundam enta l properties o f so lu tion  based 
m em brane transpo rt processes.
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Figure 6.14 A N u ll Test Experim ent in  w hich 0 .000 IM  
KCl is used as both the low and the high 
C oncentration S olution using an Anotec 0.02pm  
Asym m etric Membrane (60pm th ick) .The s ligh t 
deviation from  the horizonta l is due to a 
tem perature fluc tua tion .
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Figure 6.15 Com parison o f the N u ll test to an Experim ent 
in  w hich 0 .0 IM  KCl was used as the H igh 
C oncentration Solution. As in  the N u ll test th is  
was w ith  an Anotec 0.02pm  assym m etric membrane 
(60pm) thickness.
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7 M em brane C haracterisation Using the L iqu id  Perm eation System. 
In trod u ction
In  th is  chapter the experim ental resu lts obtained from  the liq u id  based 
m easurem ent system (described in  Chapter 6) w ill be shown and 
discussed. The entire  basis upon w hich the m ethod depended was the 
response o f a membrane to an instantaneous step (up or down) in  the 
d riv in g  force, in  th is  instance, so lu tion  concentration. I f  the system was 
in itia lly  a t e q u ilib rium  and a step was imposed to one face o f the 
m em brane, then a fter a su ffic ien t period o f tim e the q u a n tity  o f the 
perm eant m ateria l entering th rough the m embrane in to  the collecting 
volum e (of effectively in fin ite  volume) w ould tend to a steady state flux . 
Th is m ethod was firs t used by Daynes in  1920 to study the d iffus ion  o f 
gases th rough  various m ateria ls as p a rt o f ongoing research in to  a irsh ip  
technology at th a t tim e. Daynes showed th a t by extrapolation o f the 
steady state po rtion  o f the flu x  in  the collecting vessel back to the in itia l 
e q u ilib riu m  concentration, th a t the so called breakthrough tim e (x) was 
obtained. Daynes also showed th a t th is  x value was a fu n c tio n  o f only 
two param eters, the d iffus ion  coefficient o f the perm eant (gas) and the 
m em brane thickness. In  using th is  m ethod it  was therefore possible to 
obta in  w ith  a single experim ent an estim ate fo r the perm eability, from  
the the steady state slope and the d iffus ion  coefficient from  the 
extrapolated breakthrough tim e. As a consequnce from  these two 
param eters it  was also possible to estim ate the d is trib u tio n  coefficient.
In  the fo llow ing chapter, the results shown were a ll determ ined by
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e ither sim ple' tim elag experim ents or by oscilla to r experim ents. In  the 
osc illa to r experim ents (an extension to the tim elag) a consecutive series 
o f tim elags were perform ed w ith in  a single experim ent. This resulted in  
m u ltip le  estim ates fo r the transpo rt properties obtained by the 'sim ple' 
tim elag m ethod. This has allowed fo r more accurate in te rp re ta tion  o f 
the data due to the p o ss ib ility  o f using sim ple s ta tis tics  w ith in  a single 
experim ent under iden tica l conditions.
7.1 Background
7.1.1B ond G raph M odelling o f Cell Parameters
Bond graph m odelling, based around Network 
Therm odynam ics was m entioned earlier (Chapter 2) fo r the 
analysis o f imposed concentration waves. Here the technique 
was used to examine the p ractica l im p lica tions on the 
m easurem ent system. In  th is  example the effect o f the 
collecting volum e w ill be discussed.
A  series o f s im ula tions were perform ed in  w h ich  typ ica l 
membrane param eters were used, these were given earlie r in  
Table 2.1. The only variable in  th is  param eter lis t was the 
value used fo r the cell collecting volum e. For a series o f s ix 
chosen volum es, the qu a n tity  o f m ateria l (Q) and the 
concentration profiles o f the chosen collecting volum e versus 
tim e were obtained. The values chosen fo r the collecting 
volum e were 1000, 100, 3.5, 1.75, 0.87 and 0.17 cm^. The 
re su lta n t profiles are shown in  Figures 7.1 and 7.2
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respectively.
From  the p lots o f Q versus tim e (Figure 7.1) there a t firs t s igh t 
appeared to be very little  difference between the volum es. Both 
o f the largest volum es (1000 &  100 cm^) gave iden tica l resu lts  
i.e. they represent in fin ite  bath  conditions. On m oving to a 
value o f 3.5cm^ the deviation o f the slope from  the in fin ite  bath  
case was 0.09%. A t 1.752 cm^ th is  became 0.21%  and at 
0.87cm^ th is  increased to 0.44% and fin a lly  a t 0 .175cm^ the 
deviation was 2.2%
Conversely, looking a t the p lo ts o f concentration versus tim e 
(Figure 7.2) there was a very s ign ifican t change b rough t about 
by decreasing the volum e. From  these two plots a com prom ise 
position  was chosen, one where the Q value slopes w ould be 
w ell w ith in  experim ental error b u t the detected concentration 
in  the collecting volum e w ould be manageable on a rou tine  
basis, the chosen value being 1.752cm^.
These s im ula tions were perform ed p rio r to the construction  
phase (described earlie r in  Chapter 6) where a value o f 2cm^ 
was chosen as the optim um  cell volum e.
From  previous investigations o f pulsed sources, i t  has been 
shown th a t the shape o f the in p u t wave (square, triagonal, 
sine or cosine) made no s ign ifican t effect to the observed phase 
change in  the collecting volum e, and hence to the calculated 
d iffus ion  coefficient [1]. It was also shown th a t the e rro r in  the
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calculated d iffus ion  coefficient by th is  m ethod, due to  an 
im perfect square wave was o f the order o f on ly 0.05% .
This ind icated th a t the experim entally generated square wave 
(shown in  6.5.4) w ould be in s ig n ifica n tly  d iffe ren t (from  an 
ideal wave) in  term s o f calculated d iffus ion  coefficients 
obtained from  the system.
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Figure 7.1 S im ulated Data fo r Various C ollecting Volume 
Values where Q= (C*V). The model param eters 
are those o f Table 2.1
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Figure 7.2 S im ulated C oncentration Profiles Using Various 
Collecting Volume Values. The model param eters 
are those of Table 2.1
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7.1.2 E xperim ental D ata  T reatm ent
In  using th is  step im position  m ethod, the m em brane 
experiences s ign ifican t changes in  concentration w ith  tim e. 
The membrane moves from  a state o f in itia l e q u ilib riu m  to  a 
non-steady state a fter the im position  o f the step and then, 
a fter some tim e to a steady state flu x  and (if allowed) back 
towards a new equ ilib rium  condition. The analysis used by 
Daynes [2] and la te r by C rank [3], described the concentra tion  
b u ild -u p  w ith in  the m embrane from  the m om ent o f the step to 
the steady state. In  th is  instance there is a u n ifo rm  
concentration d is trib u tio n  th rough the membrane b u t the two 
surface concentrations are d ifferent. In  the in itia l non-steady 
state period the concentration w ith in  the m embrane can be 
shown by Equation 7.1
C =  C i + ( C 2 - C i ) f + 1  f
n = l  i  \  J
+ ^  L  2m +  i  ^^ ’^^exp{-D(2m+ f  }
m = 0
E quation  7.1
where C  ^ is the concentration a t the external face (x=0), C^ the 
concentration a t the in tem eil face (x= l), C  ^ is  the in itia l 
un ifo rm  membrane concentration, I is the m em brane 
th ickness and D is the d iffus ion  coefficient.
As tim e tends towards in fin ity  the exponential term s disappear 
to leave a lin e a r concentration d is trib u tio n . The rate a t w h ich  
the perm eant m ateria l emerges (from u n it area. A) a t the face
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is given by
Q =  E quation 7.2
By in tegra ting  th is  w ith  respect to tim e we can ob ta in  the to ta l 
qu a n tity  o f the perm eant m ateria l, w h ich  has passed 
th rough the m embrane in  tim e, t.
= D(Ci - C2)| + ÿ  t  C . o o s j -  C2
oo
+ ^ % - L  ------ -— » { l -  e x p (-D (2 m + I)2 jc2 t/i2 )}
7t2 ^  (2 m + l )2
E quation 7.3
By experim ental arrangem ent and are equal to  zero (both 
pure w ater and assum ing in fin ite  ba th  conditions) and so we 
find
= ^  -  4  -  L  e x p ( - D r f l n ^ t /  f i )  E quation 7.4
i C i  o  Jt2  j  n 2
as t->  oo th is  s im plifies to
Qt  = -  - I t : !  E quation 7.56D
for u n it area, th is  line  w ill have an in te rcep t (t) on the tim e 
axis given by
72
X = —  E quation 7.6
I f  from  our experim ent we now p lo t Q versus tim e, the steady 
state region o f the p lo t w ill have a slope w h ich  w ill be equal to 
m = Q M c  E quation 7.7
where Ac is  the concentration d is trib u tio n  w ith in  the 
membrane. From  th is  slope the steady state flow  (J) is
7.8
Liquid Perm eation  System
j  = ^  PAc E quation  7.8
where
p _ D A c /A c  and Ac/Ac  is the d is trib u tio n  coefficient a.
I t  then becomes sim ply a m atte r o f accurate ly know ing the 
value o f the collecting volum e in  order to  perform  such an 
operation, the measured concentration in  the collecting 
volum e being 
QtC = —  E quation 7.9
7 .2  System V a lida tion
The w ork o f Daynes showed the em pirica l re la tionsh ip  (Equation 7.6) 
between the test membrane th ickness and the d iffus ion  coefficient o f 
the perm eant species under investigation. Having perform ed a series o f 
rigorous tests and ca lib ra tions on the m easurem ent systems 
(described in  Chapter 6) it  was necessary to prove th a t the sim plest 
membrane based law  was indeed applicable and m easurable w ith  th is  
cu rrre n t device. To th is  end a short series o f test experim ents were 
perform ed.
7 .2 .1  Test o f Daynes ( 1^  /  6D) Law
By tak ing  a series o f otherw ise iden tica l m em brane samples 
b u t w ith  varying th ickness values, tests were perform ed to 
determ ine the experim ental tim elag values obtained and the 
calculated values fo r the d iffus ion  coefficient o f a perm eant 
m ateria l. The perm eant used fo r these tests was a so lu tion  of
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potassium  chloride (0. IM ). This was chosen fo r two m ain  
reasons (a) it  could be measured easily a t low  concentra tion  by 
conductiom etric m ethods and (b) the knowledge th a t i t  w ould  
be a 'fast' perm eant w ould severely test the perform ance o f the 
m easurem ent system.
7 .2 .2  Preparation o f Membranes
The m embrane chosen fo r th is  test was a regenerated cellulose 
acetate 'V isking ' d ia lysis membrane. This m em brane had a 
lack o f carboxyl groups and hence had little  or no fixed charge 
and therefore had negligable ion-exchange properties and the 
swelling effects associated w ith  these m ateria ls [4]. Several 
squares, approxim ately 25x25m m  were cu t from  one large 
piece of d ia lysis tub ing. The square sections were placed in  
d is tilled  w ater fo r 2 days w ith  constant s tirrin g , the w ater 
being changed a t regu lar in terva ls du ring  th is  soaking stage. 
Each in d iv id u a l section was then labelled and placed in  a 
sm all sealed vessel w ith  u ltra  high q u a lity  water.
Before being placed in to  the m easurem ent cell each m em brane 
section was b lotted b rie fly  in  fib re  free tissue to  remove excess 
w ater from  the surfaces. A t th is  po in t the m embrane th ickness 
was measured between two previously measured m icroscope 
cover slips using a M itu toyo d ig ita l m icrom eter. The 
m embrane sections were then placed in  the cell ho lder and the 
collecting volum e flushed and then filled  w ith  degassed
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d is tille d  water. The so lu tion  flow  loop w ith  d is tille d  w ater was 
started and le ft fo r 15 m inutes to  ensure the m em brane was 
fu lly  wetted and at equ ilib rium .
7 .2 .3  Experim ental Procedure
For every new test experim ent the collecting volum e was 
flushed and filled  w ith  d is tilled  water. The so lu tions used fo r 
the concentration step were d is tilled  w ater and potassium  
chloride (0 .108M). The autom ated data co llection system  
ensured th a t an in ita l equ ilib rium  condition was established 
before the imposed concentration step. A t the end o f every 
experim ent the membrane sections were washed several tim es 
w ith  d is tilled  w ater and le ft soaking fo r two days in  regu la rly  
changed d is tilled  water. This entire procedure was repeated 
several tim es fo r each membrane section and covering a range 
o f membrane thicknesses.
7 .2 .4  Results and D iscussion
From  the experim ents described above, i t  was clear th a t 
m embrane th ickness d id indeed play an im p o rta n t ro le in  the 
overall response o f the system. Some examples o f the resu lts  
obtained are shown in  Figures 7.3 to  7.5 fo r three m em branes 
o f d iffe ren t th ickness and the data extracted from  these shown 
in  Tables 7.1 to 7.3. For the three d iffe rent th ickness values 
(0.0149, 0.0303 and 0.0453 cm) the mean values fo r the 
tim elags (x) obtained were 11.22, 46.98 and 102.84 seconds
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respectively.
On exam ination o f the th ickness (P) ra tios between the 0.0149 
& 0.0303cm  and the 0.0149 & 0.0453cm  m embrane sections 
and using the 11.22 second tim elag as a reference, the 
calculated values fo r the 0.0303 and 0.0453cm  m em branes 
were found to be 46.39 and 103.71 seconds respectively. 
A dd itiona lly , i f  a mean value fo r the calculated d iffu s io n  
coefficient (obtained from  a ll o f the test experim ents) was 
taken (3.29 x  10 ® cm^s^ ) then by su b s titu tio n  the calculated 
tim elag values were found to be 11.22, 46.41 and 103.73 
seconds.
Based upon these values and using the 0.0149cm  m em brane 
as an in te rn a l standard the experim ental tim elags obtained 
varied from  the calculated values by +1.25% fo r the 0.0303cm  
and -0.91%  fo r the 0.0453cm  membrane. From these figures, 
i t  was clear to see th a t the experim ental de term ination  o f 
m embrane tim elags and the associated d iffus ion  coefficients 
using th is  m easurem ent system was easily a tta inable  to w ith in  
±2%. This was in  effect the experim ental e rro r in  the 
m easurem ent o f the m embrane th ickness b u t m em brane 
heterogeneity m ust also be bourne in  m ind.
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Figure 7.3 Tim elag Experim ent w ith  V isking  D ialysis M embrane 
of Thickness 0.0149cm . The C oncentration Step was 
Imposed at 255 seconds. The R esultant x value was 
11.28 seconds.
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Figure 7.4 Tim elag Experim ent w ith  V isking D ia lysis Membrane 
o f Thickness 0.0303cm . The Concentration Step was 
Imposed a t 244 seconds. The R esultant t value was
46.5 seconds.
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Figure 7.5 Tim elag Experim ent w ith  V isking  D ia lysis Membrane 
o f Thickness 0.0453cm . The C oncentration Step was 
Imposed a t 251 seconds. The R esultant x value was
102.5 seconds.
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1 11.2 3.30x10® 2.46x10® 0.2
2 11.19 3.30x10® 2.46x10® 0.2
3 11.28 3.28x10® 2.40x10® 0.19
4 11.23 3.29x10® 2.43x10® 0.19












1 41.94 3.64x10® 1.11x10® 0.17
2 49.52 3.09x10® 1.08x10® 0.19
3 49.49 3.09x10® 1.08x10® 0.18












1 102.15 3.35x10® 6.99x10® 0.17
2 103.53 3.33x10® 6.93x10® 0.17
3 102.7 3.30x10® 6.82x10® 0.16
Table 7.3 Experim ental Results fo r V isk ing  M embrane o f 
th ickness 0.0453cm
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7 .3  Results and D iscussion o f Membranes Investigated 
In  th is  section the resu lts  obtained w ith  the m easurem ent equipm ent 
w ill be shown and discusssed fo r a varie ty o f d iffe ren t m embrane 
systems. These involve both  tim elag and oscilla to r experim ents and 
make use o f the data analysis m ethods described earlier.
7 .3 .1  Anodic A lum ina  Membranes
In  th is  section the resu lts from  tim elag experim ents w ith  
anodic a lum ina membranes w ill be shown and discussed. A 
series o f anodic a lum ina membranes iden tica l to  those 
described earlier in  Chapter 5 (Gas System) were used here fo r 
so lu ion based studies. To recapitu la te, these consisted of 
'support' s tructu res o f varying th ickness onto w h ich  active 
layers o f d iffe rent th ickness were placed.
U n like  in  the gas system, there was a hyd ra tion  process th a t 
resulted in  some 'swelling' or gel fo rm ation  w ith in  the porous 
struc tu re  o f these m embranes[5]. To m in im ise any dynam ic 
effects du ring  experim ents a ll m embranes were pre-soaked in  
d is tille d  w ater overnight.
As in  the gas experim ents, the effect o f th ickness and the 
presence o f an active layer on the liq u id  perm eation rates was 
to be investigated. Due to the com bination o f extrem ely th in  
porous m embranes and the choice o f potassium  chloride 
so lu tion  as a perm eant, the expected overall speed o f these 
experim ents w ould push the system towards it  lim its . I t
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should be emphasised th a t i t  is  believed th a t cu rre n tly  no 
other system exists where such measurements could be 
considered.
Anodic a lum ina 'support' s tructu res w ith  a nom ina l pore size 
o f approxim ately 70nm  were produed in  two thicknesses, 
48|xm(SAAl) and 80 |im(SAA2). In  add ition  two samples were 
produced, iden tica l to (SAAl) to w h ich  a layer (nom inal pore 
size 20nm) was added o f th ickness 9pm (LAAl) and 
22jim (LAA2). Each o f these membranes were tested repeatedly 
fo r th e ir response to  an imposed concentration step (0. IM  KCl) 
versus d is tille d  w ater in  the collecting volum e. Examples o f the 
re su lta n t experim ents are shown in  Figures 7.6 to 7.9. The 
slopes obtained from  these p lots gave a d irect m easurem ent o f 
the perm eability and from  the tim elag values an estim ate o f 
the d iffus ion  coefficient as described in  Section 7.1.2. The data 
obtained from  these plots are sum m arised in  Table 7.4.
The in te rest o f th is  cu rre n t w ork was to  try  and obta in 
in fo rm ation  re la ting  to the active layer co n trib u tio n  to 
transport and separation. W ith  a knowledge o f the 
co n trib u tio n  from  the support and th a t o f the composite 
m embrane it  was possible to calculate and resolve the effect o f 
the active layer in  iso la tion. As in  the gas system i t  was 
possible to obta in  perm eability data fo r the active layer alone 
from  the re la tionsh ip
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E quation 5.18
Player P  Composite P  Support
In  the case o f the liq u id  based system it  was also (practica lly) 
possible to ascertain in fo rm ation  regarding the tim elag o f the 
active layer in  iso la tion. It  has been shown using N etw ork 
Therm odynam ics fo r m odelling m embrane processes th a t the 
tim elag value o f the active layer in  iso la tion  can be ca lcu lated 
as described in  Equation 7.10 [6].
J^ab = E quation 7.10
It is believed th a t th is  cu rren t w ork has fo r the firs t tim e 
made th is  p ractica lly  possible to observe.
By using the tim elag value fo r the support (SAAl) as the 
backing layer con tribu tion , the calculated tim elag fo r the 
active layers in  membranes (LAAl and LAA2) were found to 
0.13 and 0.74 seconds respectively. In fo rm ation  re la ting  to  the 
active layers are shown in  Table 7.5. It is  obvious th a t the 
po ten tia l errors involved w ith  such sm all values could be large 
b u t based upon a com parison w ith  the th ickness ra tio  (E) o f 
the two active layers and using the larger (more reliable) 
tim elag value as a reference, the predicted tim elag fo r the 9pm 
layer was 0.124 seconds. A lthough great care is necessary 
when evaluating such data the m agnitudes o f the values 
obtained appear to be w ith in  reason (better than  10% 
accuracy) when compared to the predicted values when us ing  
the th ickness (E) ra tios fo r the layers.
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In  term s o f the effect the active layer had on the perm eability 
values, the norm alised values (P*0 fo r bo th  active layer 
samples (LAAl &  LAA2) reduced the o rig ina l (backing layer) 
values by approxim ately ha lf. As a com parison, the same 
active layer samples when tested w ith  the gas system reduced 
the o rig ina l perm eability on average by nearly 90%. This 
suggests th a t the hydra tion  o f these anodic a lum ina 
m embranes may have caused some (unknown) s tru c tu ra l 
change to the pore.
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Figure 7.6 Tim elag Experim ent w ith  a Sym m etrical Anodic A lum ina  
Support (48 pm th ick). The concentration step (O .IM  KCl) 
was Imposed at 159 seconds and the re su lta n t x value was 
found to be 2.68 seconds.
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Figure 7.7 Tim elag Experim ent w ith  an Sym m etrical Anodic A lum ina
Membrane (80 pm th ick). The concentration step (O .IM  KCl) 
was Imposed at 192.8 seconds and the re su lta n t x value 
was found to be 5.97 seconds.
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Figure 7.8 Tim elag Experim ent w ith  an Asym m etrical Anodic A lum ina  
Membrane (48 pm base w ith  9pm Active Layer). The 
concentration step (O.IM  KCl) was Imposed at 194.8 
seconds and the resu ltan t x value was found to be 3.42s.
7 .2 3






300 350 400 450 500 550 600
Time (s)
Figure 7.9 Tim elag Experim ent w ith  an Asym m etrical Anodic A lum ina  
Membrane (48 |im  base w ith  22pm Active Layer). The 
concentration step (O.IM  KCl) was Imposed a t 426.6 
seconds and the resu ltan t t value was found to be 5.56s
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M ean  
Perm eability  
(cm.s'^ )
SAAl 48 2.25 1.71x10® 1.93x10®
SAA2 80 6.1 1.81x10® 5.70x10®
LA A l 4 8 /9 3.47 - 1.36x10®
LAA2 4 8 /2 2 5.57 - 1.15x10®
Table 7.4 Data obtained from  Tim elag Experim ents us ing  Anodic 
A lum ina  Membranes. C oncentration step was KCl 
(O.IM) versus d is tille d  w ater. For b ilayer systems the 
layer th ickness is shown last.
Layer Timelag Diffusion M ean P x l
Membrane Thickness (s) Coefficient Permeability
(pm) femes'^ ) (cm.s'M
LA A l 9 0.13 1.04x10® 4.66x10® 4.19x10®
LAA2 22 0.74 1.09x10® 2.35x10® 5.16x10®
Table 7.5 Calculated D ata fo r the Active Layer Properties o f 
Anodic A lum in a  Membranes.
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7.3.2 Ceram ic Disc M em branes
This type o f ceram ic membrane is being used more ro u tin e ly  
than  the anodic a lum ina membranes described above w h ich  
are used in  on ly specialised (niche) applications. The s tru c tu re  
o f these m embranes is rad ica lly  d iffe ren t from  the anodic 
a lum ina membranes, above. The m embranes used here were 
described and used earlier fo r the study o f gas perm eation 
(Section 5.4.2). The range o f such membranes is  lim ite d  
m a in ly  to the oxides o f a few elements, AI, T i, Zr, S i b u t these 
are being successfully exploited com m ercially. An example o f 
one such m embrane used here is shown in  Plate 7.1.
As before, experim ents were perform ed on both  the supports 
and the composite membranes w ith  a va rie ty o f layer 
thicknesses. The tim elag experim ents fo r three supports and 
the composite membrane (ZrO^) are shown in  Figures 7.10 to 
7.13 and the data obta in sum m arised in  Tables 7.6 and 7.7. 
The properties o f the active layer alone were calculated using  
E quation 5.18 and 7.10 as described in  Section 7.3.1 above. 
From  th is  analysis the active layer properties are shown in  
Table 7.8. Exam ination o f the norm alised perm eabilities (P*l) 
obtained showed alm ost a n ine ty  fold reduction  due to  the 
presence o f the th in  zirconia layer.
Analysis o f the tim elag values in  Table 7.6 showed a larger 
spread than  had been found in  previous experim ents. The
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values o f the d iffus ion  coefficients fo r the KCl so lu tion  (O.IM) 
were also s ign ifican tly  d iffe rent from  those obtained fo r other 
membranes investigated (1.8-1.9 x lO ^  cm^s^). These values 
are very s im ila r to the free so lu tion  values o f KC l a t these 
concentrations [7] so e ither there was effectively no resistance 
to flow  across the m embrane or some other facto r was 
in troduc ing  an error. I t  has been shown by B arrer, B arrie  and 
Rodgers [8] th a t the co n trib u tio n  o f flow  towards the 'clam ped' 
edges o f a test m embrane can cause errors in  the estim ation  o f 
the d iffus ion  coefficient from  th is  tim elag m ethod. It  was also 
shown th a t the 'edge effect' was negligable i f  the th ickness to 
area ra tio  was m uch less than  0.2. A ll o f the ceram ic 'disc' 
membranes prepared here were o f 22 m m  diam eter and w ith  
various th ickness values.
By a sim ple ca lcu la tion  o f the areas involved, 85% o f the to ta l 
m embrane area fo r these discs was no t in  d irect contact w ith  
the external so lu tions th a t defined the boundary conditions. It 
was also clear th a t the th ickness o f the 'supports ' used in  
these tests made the co n tribu tion  due to th is  edge effect to be 
fa r from  negligable (for 0.199 cm support the (1/a) ra tio  was 
0.349). The type o f m embrane used in  Barrer's tests were the 
dense polym er type and it  w ould seem reasonable to  assume 
th a t th is  edge effect w ould be s ign ifican tly  more pronounced 
w ith  these cu rre n t porous ceramics.
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This essentia lly means th a t the d iffus ion  coefficient values 
obtained fo r th is  membrane type by the tim elag m ethod m ust 
be considerably in  error. No attem pt has been made here to 
investigate or quan tify  th is  error. This was considered no t 
w ith in  the basic rem it o f the w ork and only th is  p a rtic u la r set 
o f membranes suffered from  the edge effect to such an extent. 
A ll o ther m embrane types studied here were found to have 
(1/a) values o f between 0.01 (anodic alum ina) to  0.07 (the 
th ickest V isk ing  membrane).
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P la te  7 .1
V 4 8 K X  
20UM -
10KU 27MM 0 3 0 0 2 46006
Cross-sectional View SEM Photograph of a 
Ceramic Disc Ultrafiltration Membrane. The 
example shown had a Silica Active layer on an 
a-Alumina Support. (Courtesty of ENSC Montpellier)
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Figure 7.10 Tim e lag Experim ent w ith  Ceramic (Alum ina) Support D isc 
o f 0 .0611cm Thickness. The concentration step(0. IM  KCl) 
was Imposed at 144.1 seconds and the re su lta n t t value 
was 34.55 s.
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Figure 7.11 Tim e lag Experim ent w ith  Ceramic (Alum ina) S upport D isc 
o f 0.0936cm  Thickness. The concentration step(0.1M  KCl) 
was Imposed at 302.7 s and the re su lta n t x value 
was 81.07 seconds.
7 .3 1







0 500 1,000 
Time (s)
1,500 2,000
Figure 7.12 Time lag Experiment with Ceramic (Alumina) Support Disc 
of 0 .199cm Thickness. The concentration step(0. IM  KCl) 
was Imposed at 256.1 s and the resultant x  value 
was 337.72 s.
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Figure 7.13 Time lag Experiment with Ceramic Membrane.
The (Alumina) Support was 0.0648cm Thick and 
the Active Layer (Zirconia) was 4.2gm thick. The 
concentration step(0.1M KOI) was Imposed at 123.7 s 
and the resultant t value was 46.07 seconds.
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M em brane Thickness M ean Exptl. Predicted % Difference 














Table 7.6 Com parison o f A ctua l Experim enta l Tim elag Values
w ith  Predicted values based on the th ickness ra tios  fo r 
Ceramic D isc Membranes.
M em brane Thickness (cm) Calc. Diffusion  
Coefficient (cm^s'^)




MSup 0.0611 1.92x10 = 8.412x10'= 0.469
M Sup2 0.0936 1.81x10 = 5.343x10 = 0.485
M Sup3 0.199 1.96x10 = 2.657x10 = 0.475
M Z rl 0 .064 /4 .2pm - 5.088x10 = -










Perm, x  D istribu tion
Thickness Coefficient
M Z rl 4.2 0.43 1.343x10-^ 5 .64x10* 0.825
Table 7.8 Calculated Data fo r a Z ircon ia  Active Layer on an 
A lum ina  Support.
7.34
Liquid Perm eation  System
7 .3 .3  T u b u la r Ceram ic N anofiltraton M em branes
I t  is  th is  form at, be it  a single tube or m u lti channel m odule 
th a t w ill be the form at o f choice fo r the fu tu re  use of 
com m ercial ceram ic membranes. Like any o ther type of 
membrane, a varie ty o f properties p a rticu la rly  variab le  pore 
sizes are available. The membrane used fo r these tests was the 
same as described earlie r in  Section 5.4.3 (Gas System) and 
had an active layer w ith  a nom ina l pore size o f 5nm , an 
example o f th is  membrane s truc tu re  is shown in  Plate 7.2. The 
tu b u la r form at required to be housed in  a d iffe ren t m anner 
from  the p lanar membranes so fa r discussed. The m ain 
difference in  th is  holder was the m uch larger in te rn a l volum e 
required. This m ay cause some d iffic u lty  due to d ilu tio n , in  
m easurem ent sensitiv ity  fo r some perm eant m ateria ls. The 
tests undertaken here again used KCl (O.IM) and so in  th is  
p a rticu la r case did no t represent a problem . As w ith  the other 
m embrane systems, experim ents were perform ed on both  the 
support s truc tu re  alone and the com posite m embrane. This 
allowed the co n trib u tio n  o f the support to be determ ined and 
therefore the influence o f the active layer alone to be 
calculated.
The experim ental data fo r the support and the composite 
membrane are given in  Table 7.9 and shown in  Figures 7.14 
and 7.15. The calculated data fo r the active layer alone are
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given in  Table 7.10. The support m edium  o f th is  tu b u la r 
m embrane showed a very free flow, the perm eab ility  value 
being 2.28x10 * cms'L In  d irect com parison the presence o f the 
th in  n a n o filtra tio n  layer (2|im) caused a ve iy  substan tia l 
decrease in  the overall perm eability (P^J, reducing in  value to 
2 .25x10*. W hen the two values were norm alised to  take 
account o f the th ickness o f the two com ponent pa rts  (P*l) the 
reduction  per u n it length is o f the order o f 85,000 tim es less 
than  the support. There is also a corresponding decrease in  
the calculated d iffus ion  coefficient o f the layer to 2.61x10'^ L 
W ith  th is  type o f membrane having caused such a large 
difference between the tim elag o f the coated and untreated 
support we can w ith  confidence believe the extracted tim elag 
and d iffus ion  coefficient values fo r these th in  layers (Table 
7.10). I t  was encouraging also th a t in  these tests, e lectrolyte 
so lu tions were used. For other (slower) perm eant m ateria ls 
th is  tim escale should only increase allow ing fo r even greater 
confidence in  both  the experim ental and calculated resu lts.
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Plate 7.2
1 2 0 F H
SEM Photograph of the S tructure  o f a Ceramic 
N anoftltra ta ion Membrane. The support structu re  was 
a-a lum ina and the th in  active layer was of y-a lum ina 
(Courtesy o f ENSC M ontpellier)
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Figure 7.14 Tim elag Experim ent w ith  a T ubu la r S upport 
o f 0.168cm  thickness. The concentration 
step (O.IM  KCl) was Imposed a t 1270.1 seconds 
and the resu ltan t x was 49.71s.
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Figure 7.15 Tim elag Experim ent w ith  a T ubu la r Membrane 
Support th ickness was 0.1778cm  and the Active 
Layer(y-alum ina) 2 pm. The concentration 
step (O.IM  KCl) was Imposed at 1390.8 seconds 
and the resu ltan t t was 545 .19s.
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S upport T S l 50.83 2 .6 1 x1 0 ’ 2 .2 8 x1 0 ’ 3.84x10-^
M e m b ra n e  T L a l 550.78 - 2 .2 5 x1 0 ’ -
Table 7.9 Experim ental data fo r tu b u la r support (TS l), 
0.168cm  th ickness and T u b u la r ceram ic 
n a n o filtra tio n  m embrane (TLal), 0 .177cm /2pm
Layer Timelag Permeability P x l Diffusion D istribution
(s) (cm s )^ Coeff. (cm^s'i) Coefficient
255.46 2 .28x10 ’ 4 .5 2 x1 0 ’ 2 .6 1 x1 0 “ 22.21
Table 7.10 Calculated data fo r Active layer o f T u b u la r m embrane 
(TLal) w ith  layer th ickness 2pm.
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7.3.4 O scillator E xperim ents
Using the systems designed and developed in  th is  cu rren t 
w ork ceram ic m embrane perm eabilities and d iffus ion  
coefficients have been determ ined. This new autom ated 
technique has allowed fo r the firs t tim e the rap id  and repeated 
determ ination o f these m embrane param eters com pletely 
autom atica lly.
A  consecutive series o f tim elag experim ents were perform ed in  
w h ich  concentration square waves were imposed a t one 
exposed face (as previously) b u t w ith  the lower concentration 
o f the oscilla to r being equal to th a t in itia lly  in  the collecting 
volum e, norm ally  zero. By applying such conditions, the 
accum ulation o f perm eant m ateria l in  the collecting volum e 
followed a ris in g  'staircase' concentration pattern .
The in itia l experim ents chosen were to investigate the 
perm eability o f potassium  chloride th rough W hatm an 
Anopore™ a lum ina 0.2pm  (homogeneous) and 0.02pm  (bilayer 
w ith  0.2pm  backing) membranes. The experim ental data 
trea tm ent was iden tica l to th a t described in  Section 7.1.2 b u t 
the slopes were com bined as described in  C hapter 2. i.e. (slope 
B- slope C).
The processed data obtained are shown in  Table 7.11 and a 
portion  o f the experim ental data is shown in  Figure 7.16. From  
these the power and ease o f the system is somewhat se lf
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evident. For nine concentration waves (each o f 100s period) 
eighteen separate perm eabilities were obtained w ith  a 
standard deviation o f less than  3%. These com bined slopes 
gave a perm eability (P^J o f 7.23 xlO'® cm .s“  . The experim ental 
tim elag values obtained were 4.38s ± 0.37s fo r the  backing 
layer (0.2pm support) and 5.06 ± 0.48s fo r the  b ilaye r 
(0.02pm) membrane. Obviously, such short tim elag values 
m ust be treated w ith  great care b u t the overall system  resu lts  
were excellent. These p a rticu la r m embranes were o f low  
sc ien tific  in te rest b u t served th e ir purpose o f proving the 
v a lid ity  and scope o f the oscilla to r methodology.
This technique has been applied to a range o f bo th  
homogeneous and b ilayer m embrane systems to determ ine 
exp lic itly  the perm eabilities and d iffus ion  coefficients in  the 
active layers.
For the anodic a lum ina m embrane samples (Section 7.3.1) 
oscilla to r experim ents were performed, the data obtained are 
shown in  Table 7.12. and an experim ental wave in  F igure 
7.17. D irect com parison between the m u ltip le  estim ation  of 
the oscilla to r to the single tim elag experim ents showed the 
calculated layer perm eability in  th is  case (oscillator) to be 
lower, 1.26x10'® cms'^ (c.f. 2.35x10 ®) and the norm alised 
value (Pxl) p roportionate ly lower also a t 2.77x10 ® (c.f 5.16 
xlO®).
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S im ila rly , oscilla to r experim ents were perform ed on a range o f 
sol-gel type membranes (Section 7.3.2) fo r com parison against 
the single tim elag param eters obtained. A  sum m arised version 
o f th is  data is shown in  Table 7.13 and one example o f the 
experim ental o u tp u t is shown in  Figure 7.18.
The zircon ia  sol-gel membrane (M Z rl) was found to  have a 
s lig h tly  h igher calculated layer perm eability when com pared to 
the single tim elag data. The difference between the two 
systems being about 4%. A lthough th is  difference is  no t vast 
the (hopefully) more accurate data from  the osc illa to r allows 
fo r greater confidence in  determ ination o f perm eabilities and 
d iffus ion  coefficients. I t  may also be the case th a t such a 
difference w ould prevent d is tingu ish ing  between tw o d iffe ren t 
systems o f s im ila r properties.
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1 8.306 0.414 8.264 3.91
2 8.198 3.497 7.848 4.15
3 7.424 -1.165 7.541 4.25
4 7.217 -2.182 7.435 4.3
5 6.702 -2.751 6.997 4.18
Mean 7.617x10'® ± 4 .7 x1 0
Table 7.12 O scilla to r Experim ental Results from  Anodic A lum ina  
B ilayer sample LAA2 (48 /22  pm). O scilla tion  was 
between d is tilled  w ater and O .IM  KCl and the Sw itch 
Period was 100 seconds.
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Figure 7.18 Experim ental Em ergent Wave from  an O scilla to r 
Experim ent w ith  a Ceramic B ilayer Membrane. 
The T itan ia  active Layer(4 .1pm) was supported 
by a 0.0965cm  alum ina support.
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7.3.5 C harged M em branes
In  add ition  to the in te rest in  'porous' m em brane systems 
described in  th is  thesis, there are o f course m any o ther types 
o f membranes w ith  fascinating properties, one such group 
being charged membranes. Some investigations on th is  type of 
mem brane were performed, in  p a rticu la r, the effects o f 
e lectrolyte transpo rt th rough these charged m em branes was 
investigated. In  th is  instance an ion-exchange m em brane, a 
NAFION 117 membrane (DuPont Chem icals Inc.) was chosen 
fo r investigation. This NAFION perfluorosu lphonic acid 
membrane is used extensively in  harsh chem ical environm ents 
due to its  h igh resistance to chem ical attack, even in  extreme 
conditions such as in  ch lo r-a lka li electrode cells. The 
s tru c tu re  is shown schem atically below.
( CFg CFg ) -  ( CFg ÇF )^ _ 
OCFgCFOCF^CF^— SO3 H 
C F 3
NAFION 117 membrane structure
This 'inertness' has no t prevented research on ways o f 
m odifying these membranes to make them  even more 
fu n c tio n a l by chem ically g ra fting  d iffe ren t agents onto th e ir 
surfaces such as crown ethers fo r po ten tia l a lk a li m etal 
separations. [9] [10].
I t  has been shown, th a t the tim elag m ethod employed here w ill
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allow  fo r the estim ation o f perm eabilty and d iffus ion  coefficient 
w ith in  a single experim ent. In  the case o f electrolyte 
perm eation in  these charged systems the re la tionsh ip  between 
these param eters becomes h igh ly  concentration dependant. 
Th is is  due to the development o f the Donnan po ten tia l [11] 
and the Donnan equ ilib rium  th a t is established between the 
m embrane m a trix  and the b u lk  so lu tion  interface. This is 
shown d iagram atica lly fo r an cation exchange m em brane, as 
in  the case o f NAFION, in  Figure 7.19. E a rlie r w o rk  by 
Paterson &  Doran [12] on such systems showed th a t i t  was 
possible to estim ate fo r an 'unknow n' membrane, the na tu re  of 
the charge and the sa lt uptake o f the 'unknow n' m embrane. 
From  Figure 7.19 it  is clear th a t so lu tion  based anions, 
co-ions, w ill be repelled from  the membrane m a trix  due to  the 
sm all negative charge th a t exists w ith in  the m embrane. From  
th is , i t  is also clear th a t the exchanger w ill strong ly favour the 
counter-ion (so lution based cations) by e lectrostatic 
in te ractions. The extent o f th is  co-ion exclusion w ill be valancy 
dependant w ith  h igher valency co-ions being excluded more 
strongly.
In  a ll experim ents perform ed in  th is  study the same co-ion 
(Cl ) was used when changing the counter ion  form  o f the 
membrane m a trix  (H'’, K"", Ca"^ "^ ). This was achieved by ba th ing  
the membrane sections in  2 M olar so lu tions o f the relevant
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chloride salts fo r 24 hours w ith  constant s tirrin g . A fte r th is
soaking period the cu t m embrane sections were washed
several tim es w ith  d is tilled  w ater and then soaked fo r 2 days
w ith  constant s tirrin g  in  d is tilled  w ater th a t was refreshed at
regu lar in terva ls. A t the end o f th is  procedure the m em brane
m a trix  w ould be in  the desired ion ic form  K"", Ca'"'^ ) b u t free
from  any excess o f electrolyte w ith in  the m atrix .
In  order fo r equ ilib rium  to exist between the electrolyte in  
so lu tion  A v^B v^ and a cation exchange m em brane (in the 
A-form )
Ci/t E quation 7.11
where represent the ion activ ities in  so lu tio n  and
and represent the ion activ ities w ith in  the m embrane 
m a trix  w ith  v^ and v^ being the e lectro lytic s to ich iom etric
coefficients.
I f  a so lu tion  has a m olar concentration, Cs then the Donnan 
re la tionsh ip  dictates th a t the concentration w ith in  the 
m embrane Cs is given by
J _  X X
Cs = K ''b f C s J E q u a t i o n  7.12 
where is the mean ion  a c tiv ity  coefficient, v = v^ + v^  and 
the term  K
K  = ( y ^ r l  E quation 7.13
where X =  I z%l c%/ Fz^l where c% is  the concentra tion  o f fixed
charges w ith in  the membrane m atrix . From  equations 7.12
and 7.13 i t  is clear th a t the d is trib u tio n  coefficient a  w ill no t
be constant w ith in  charged membranes.
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To test the response o f the Donnan re la tionsh ip  7.11 we w ill 
compare the steady state flows fo r two d iffe ren t sa lt 
concentrations. The concentrations chosen were O .IM  and 
0.05M . U nder these conditions it  was expected to  m a in ta in  
near constant values fo r the term , K, th is  m akes the 
estim ation from  the flu x  ra tios m uch more reasonable.
0(0.1) /9(0.05) -  ^S(o.i) /  Cs(o.o5)
= [(y^  * 0.1) /(Y+ * 0.05)J "'B E quation  7.14 
A  series o f tim elag experim ents were perform ed us ing  0.1 and 
0.05 m olar so lu tions o f HCl, KCl and CaCl^ w ith  m em branes 
in  the H^, and Ca^  ^ form s. One such example is  shown in  
F igure 7.20 and the steady state flu x  com parisons are shown 
in  Figures 7.21 to 7.23.
The mean a c tiv ity  coefficients were calculated us ing  an 
extended form  o f the Debye-Huckel equation [13] (Davies 
equation [14]) and these calculated values are shown in  Table 
7.14. The resu lting  data obtained from  the steady state flu x  
com parisons agreed very w ell w ith  the predicted (ideal) values, 
these are shown in  Table 7.15, the data taken from  th is  table 
shows the accuracy o f th is  analysis m ethod to be excellent. 
The experim ental flu x  ra tios obtained were -3.7%  o f the 
predicted value fo r the potassium  form , +2.9% fo r the 
hydrogen form  and -4.5%  fo r the ca lcium  form  o f the exchange 
membrane. The order o f the perm eabilities obtained being
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Ca"" > H" > KL
From  the tim elag data obtained the estim ated d iffus ion  
coefficients were found to be 6.31x10'^, 4 .5 8 x1 0 ’' and 
4 .1 9 x 1 0 cm V^ fo r the HCl, KCl and CaCl^ so lu tions (O.IM) 
respectively, a d iffe rent order than  fo r the perm eab ility data. 
These d iffus ion  coefficient values are a ll o f s im ila r m agnitude, 
u n like  the obtained perm eability values. Th is narrow er range 
in  the data was more as expected as the d iffus ion  o f electrolyte 
w ill be determ ined m ain ly by concentration and the d iffus ion  
coefficient o f the co-ion present [15], in  each case here th is  
was chloride ion. Donnan exclusion is unique to electrolyte 
transpo rt th rough charged membranes (or sorbants) and it  is 
clear th a t the system is very capable o f m onito ring  such effects 
accurately.
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Figure 7.19 Schem atic o f the Development o f a Donnan Potential 
w ith in  a pore at an ion-exchanger/w ater interface.
In  (A) the dry (bound water) case is shown and 
in  (B) the effect due to im m ersion in to  water.
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Figure 7.20 An tim elag experim ent for a NAFION membrane in  the 
Potassium  form  o f th ickness 0.0189cm . The Imposed 
step (0.1078M KCl) occurred at 165.3 seconds. The 
resu ltan t t was 129.8 s
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Figure 7.21 Steady State profiles fo r a NAFION m embrane in  
the Potassium  form . Plot A  was fo r a 0 .1078M 
KCl and p lo t B a 0 .050 IM  KCl Imposed step. 
The ra tio  o f the two slopes was 3.67, the ideal 
Donnan value being 3.79.
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Figure 7.22 Steady State profiles fo r a NAFION m em brane in  
the hydrogen form . Plot A  was fo r a 0 .1013M 
HCl and p lo t B a 0.0532M  HCl Imposed step. 
The ra tio  o f the two slopes was 3.42, the ideal 
Donnan value being 3.31.
7.58
Liquid Perm eation  System













Figure 7.23 Steady State profiles fo r a NAFION m em brane in  
the calcium  form . Plot A was fo r a 0.1001M 
CaCl2  and p lo t B a 0.0500M  CaCb Imposed 
step. The ra tio  o f the two slopes was 2.55, the 
ideal Donnan value being 2.659.
7.59





KCl 0.1078 0.1078 0.7808
0.0576 0.0576 0.8215
HCl 0.1013 0.1013 0.7843
0.0532 0.0532 0.8208
CaCl^ 0.1 0.2502 0.7426
0.0501 0.1119 0.7728
Table 7.14 Calculated Values o f Ion ic S trength and Mean Ionic 














KCl 1.19x10^ 3.26x10'^ 3.65 3.79 -3.77
HCl 1 .90x10 ' 5.57x10® 3.41 3.31 2.96
CaCL, 1.57x10'® 6.19x10'^ 2.54 2.66 -4.51
Table 7.15 Experim ental Results O btained from  the D onnan 
Exclusion Tests w ith  NAFION 117 ion-exchange 
membranes.
(31 Calculated using Equation 7 .14
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7.3.6 E nhanced  T ranspo rt
Using the same type o f ion-exchange membrane, NAFION 117, 
some experim ents were perform ed to investigate the p o ss ib ility  
o f observing 'fac ilita ted ' or enhanced transpo rt behaviour. The 
test perm eant m ateria l chosen fo r these experim ents was the 
am ino acid phenylalanine(Phe). This m ateria l was chosen due 
to some ongoing collaborative research w ith  the U n ive rs ity  o f 
Rouen investigating the a c tiv ity  o f a-alanine tra n sp o rt across 
hollow  fib re  ion-exchange membranes. In  these cu rre n t 
experim ents the detection was by the spectrophotom etric 
m ethod described earlier (Sections 6.2.2.3 &  6.3.3). 
Phenylalanine being an am ino acid has two discrete fu n c tio n a l 
groups, one carboxylate and one am ine group. The roles 
played by these groups are determ ined m a in ly  by the pH o f the 
supporting  solvent system and the effect th is  has on the 
p ro tona tion /depro tona tion  o f these functiona l groups. Th is is 
the therm odynam ic process o f d issociation fo r the ionisable 
groups w ith in  the phenylalanine s truc tu re  (pK^i &  pK^^J shown 
below. For phenylalanine these have values o f pK^j = 1.83 and 
pK ^ 2  “  9.13 and p i = 5.48 [16]. From  th is  e q u ilib rium , it  was 
clear th a t the solvent pH w ould determ ine the effective charge 
on the m olecule and th is  we m ight expect to  s ig n ifica n tly  effect 
the transpo rt rate th rough the charged membrane m a trix .
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"NH3  ■'NH3  NH2
C H — C O O H  > ^ \ . C H - C O O  C O O
pH <1 .83 pH >9 .13
Dissociation Equilibria for Phenylalanine.
Membranes were prepared in  the hydrogen and sodium  form s 
by cycling the m embrane sections in  IM  HC l and NaOH fo r 
fou r hours a t a tim e (3 to 4 cycles) and fin a lly  in  one o f these 
so lu tions to  obta in  the desired o r Na^ form . The m em brane 
sections were then washed free o f any excess m ate ria l and 
stored in  d is tilled  water.
M easurements o f the swelling effects caused in  the m em brane 
by changes in  the ion ic form  were m onitored. In  com parison to 
the dry mass and dim ensions the hydrogen form  was found to 
have swollen by 15.1%. In  the case o f the sodium  form  th is  
figure was 10.3% and fo r the am m onium  form  th is  was 7.3%. 
The ion-exchange capacity was found to be 0.91 
m illi-equ iva len ts per gram  (by neu tra lisa tion  titra tio n  o f the 
hydroxide loaded m ateria l.)
The experim ents, both  single tim elags and m u ltip le  oscilla tors, 
were perform ed using d is tilled  w ater /  0.05M  Phenylalanine as 
the concentration step against d is tille d  w ater in itia lly  in  the 
collecting volum e.
The experim ental data obtained from  the tim elag experim ents 
are shown in  Figures 7.24 and 7.25 fo r 0.05M  and 0 .0 IM  
phenylalanine respectively. The relative slopes (perm eabilities)
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of the Na"" ion ic form s fo r 0.05M  and 0 .0 IM  Phenylalanine 
were 3.53 and 8.16 respectively, Table 7.16.
O scilla to r experim ents were also carried out, these allowed the 
po ss ib ility  o f several estim ations under iden tica l experim ental 
conditions. The resu lting  data fo r the and Na"^  form s w ith  
0.05M  Phe versus d is tilled  w ater are shown in  F igure 7.26 
w ith  the extracted data shown in  Tables 7.17 and 7.18. Based 
only on the fin a l concentration values observed a t the end o f 
these oscilla to r experim ents the ra tio  fo r the H'":Na‘^  flow  was 
3.97 (c.f 3.53 fo r single tim elag). As observed w ith  bo th  type o f 
experim ent the difference in  the perm eabilities between the 
ion ic form s was a factor o f approxim ately four, fa r in  excess o f 
the 5% difference in  th ickness between the two ion ic  states o f 
the membrane m atrix . The obtained osc illa to r data shows th a t 
the ra tio  o f the perm eabilies to be 4.25. C learly the ease and 
benefit o f the oscilla to r system is shown by the data in  Tables 
7.17 &  7.18. From these experim ents the perm eabilities were 
found to be 1.44x10 ® ± 5.7x10 ® fo r the H"" form  and 3.38x10^ 
± 2.39x10 ® fo r the Na^ form  and a ll data was obtained by ju s t 
two experim ents.
One possible explanation fo r th is  enhanced perm eab ility in  
the hydrogen form  was due to  the in te rn a l hydrogen ion 
concentration. The concentration o f ion  was determ ined at 
0.91 m illiequ iva lents per gram, th is  equated to an H '’
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concentration o f approxim ately 1.5 M olar in te rn a lly  fo r the 
given m embrane sections. This m eant the localised pH w ith in  
the m embrane m a trix  was m uch lower than  was needed to 
push the d issociation equ ilib ria  fu lly  to the R'-NH^-COO form . 
I f  in  th is  ionised state the (Phe) m olecule entered the m a trix  o f 
the m embrane it  w ould alm ost certa in ly  be repelled back in to  
the b u lk  so lu tion. I f  however some sm all q u a n tity  were to 
penetrate the m a trix  it  m ay be repelled by each fixed (negative) 
charge th rough the m embrane and expelled a t the collecting 
volum e face. I f  such a m echanism  were established it  w ould  be 
reasonable to assume th a t th is  w ould act as a d riv ing  force in  
add ition  to the concentration difference across the m em brane 
and hence re su lt in  an 'enhanced' transfe r rate o f m ateria l.
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Figure 7.24 Tim elag plots for 0.05M  (A) andO.OlM  
(B) Phenylalanine so lutions th rough a 
NAFION ion exchange m embrane in  
the hydrogen form .
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5,000 10,000 15,000 20,000 25,0000
Time (s)
Figure 7.25 Timelag plots for 0.05M (A) and 0 .01M 
(B) Phenylalanine solutions through a 
NAFION ion exchange membrane in 
the sodium form.
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L iq u id  P e rm e a tio n  S ys te m
Ionic Form
Phe Cone. Na" Permeability
(Molar) Permeability Permeability Ratio
0.05 1.29x10® 3.65x10^ 3.53
0.01 7.47x10^ 9.15x10® 8.16
Table 7.16 Experimental Data from Enhanced Transport tests 
using NAFION 117 and Phenylalanine.
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Mean = 1.439 
± 0.06
Table 7.17 Data from  an O scilla to r Experim ent w ith  NAFION in  
the Form  w ith  0.05M  Phe as the C oncentration 












± 0 .2 4
Table 7.18 Data from  an O scilla tor Experim ent w ith  NAFION in  
the Na"^  Form  w ith  0.05M  Phe as the C oncentration 
Step. The square wave period used was 2000 s.
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7.3.7 C oupled Flows
E a rlie r (Section 3.4.1) a possible m ethod fo r the investiga tion  
o f m ixed or coupled systems was m entioned. Here, one 
example o f the posssible use o f such a system is  shown. Using 
the U .V /V is ib le  spectrom etry as the detection m ethod a sim ple 
two com ponent system was investigated.
The system chosen was a phenyla lan ine / sodium  citra te  
m ixtu re . These two com pounds are com m only found together 
in  soft d rin ks  and other foodstuffs, phenyalanine being the 
m ajor constituen t o f the a rtific ia l sweetner Nutrasweet™  and 
the c itra te  being used in  flavouring. The U .V-V isib le spectra o f 
these m ateria ls are shown in  Figure 7.27. the peak m axim a 
being su ffic ien tly  w ell separated to make the determ ination  
re la tive ly sim ple.
The m embrane system used fo r the test was NAFION 117, in  
the hydrogen form . From  the other studies using  th is  
m embrane, it  was expected th a t the tim ebase o f the 
experim ents w ould m in im ise errors in  the collected data.
The rates o f the two com ponents were determ ined in  iso la tion  
and then together to ascertain i f  any coupling (positive or 
negative) was detectable. In  order to m a in ta in  com parable 
concentration d riv ing  forces the in d iv id u a l com ponent systems 
were tested using 0.025M  solutions. The test m ix tu re  had a 
50:50 m ix  ra tio  w ith  each com ponent having a concentration
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o f 0.025M  in  the fin a l m ix volum e.
The in d iv id u a l perm eation resu lts fo r the phenyla lanine and 
sodium  c itra te  are shown in  Figures 7.28 and 7.29 
respectively w ith  the combined (m ixture) data being shown in  
F igure 7.30.
By exam ination o f these experim ental ru ns  it  was clear th a t an 
effect was observable. The phenylalanine perm eation appeared 
effectively unaltered by the presence o f c itra te . The reverse 
was no t true  however as the c itra te  perm eation ra te  was 
su b sta tia lly  reduced (by a factor close to 10) by the presence of 
the phenylalanine.
Due to tim e restra in ts  no fu rth e r investigation o f th is  o r other 
coupled/m ixed systems were investigated. It  does clearly show 
th a t the m easurem ent system developed in  th is  cu rre n t w ork 
has both  the power and fle x ib ility  to  look a t a great va rie ty  of 
d iffe ren t membrane systems and m echanism s.
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Tim e (min)
200 250
Figure 7.28 Perm eation Data fo r a Phenylalanine S o lu tion  
th rough a NAFION m embrane in  the Hydrogen 
form . The detection m ethod was U V /V is ib le  
Spectrom etry @ 254.9nm.
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Figure 7.29 Perm eation Data fo r a tri-S od ium  C itrate S olution 
th rough a NAFION membrane in  the Hydrogen 
form . The detection m ethod was U V /V isib le  
Spectrom etry @ 214nm.
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250 300
Figure 7.30 Perm eation Data fo r a Phenylalanine /tri-S o d iu m  
C itrate m ixtu re  th rough a NAFION membrane 
in  the Hydrogen form . The detection m ethod was 
U V /V is ib le  Spectrom etry scanning 190-280nm .
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7 .4  C onclusions an d  F u tu re  R esearch
The o rig ina l a im  o f th is  w ork was to attem pt to design and construct a 
system th a t w ould allow  fo r the rou tine  m easurem ent o f tra n sp o rt 
param eters involved in  membrane processes and separations. I t  was 
also o rig in a lly  envisaged th a t on ly liq u id  based systems w ould  be 
investigated.
It  very qu ick ly  became apparent th a t the level o f autom ation /  data 
co llection required was considerable, b u t no t p roh ib itive . W ith  the 
rap id  grow th in  power and a va ilab ility  o f (inexpensive) desktop 
com puter systems the o rig ina l objective was made a m uch more 
rea lis tic  p roposition.
The systems th a t have been described in  th is  w ork (gas and liq u id  
based) have shown themselves to be excellent in  respect to bo th  th e ir 
ease of operation and the q ua lity  o f the data generated.
The w ork described herein is effectively the ju s tific a tio n  o f the qu a lity  
and re lative ease w ith  w h ich  these systems can produce re liab le and 
reproducib le in fo rm ation , fo r now the rea lly exciting science s till 
awaits.
For w hat is believed to be the firs t tim e, investigation o f the properties 
o f the active layers in  m u ltila ye r (ceramic) m embranes has become 
possible in  s itu . A dd itiona lly , the classical m embrane transpo rt 
analysis is available b u t w ith  the added benefits from  the autom ated 
data co llection and processing routines.
The extent o f fu tu re  research is huge fo r such systems, some possible
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examples are given here.
(a) investiga tion  o f effects due to surface charge/pH  . This
could have im po rtan t repocussions w ith  regard to a n ti-fo u lin g  
m em brane systems, op tim ising  transm em brane fluxes and other 
process param eters.
(b) m easurem ent o f the effects induced by surface m odifica tion  such 
as chem ical g ra fting  (perm anent or otherwise) o f 'functiona l' groups 
onto existing m embrane substrates. Some p re lim ina ry  w ork in  th is  
area has already been perform ed b u t has no t been included here 
[17,18].
(c) possible testing m ethod fo r m edica l/pharm aceutica l purposes 
such as the tra n sp o rt rates across m edical p rosthetic devices and tim e 
delivery systems. Some p re lim ina ry studies have also been made in  
th is  area w ith  respect to hydrogel membranes fo r tim e release 
systems.
W ith  the ever w idening use and scope o f m embrane processes in  both  
in d u s try  and a t research level the usefulness o f such systems w ould 
appear invaluable, be it  fo r q u a lity  contro l purposes or in  leading edge 
investigation. Funds fo r the possible com m ercial exp lo ita tion  o f the 
ideas and designs discussed in  th is  w ork were made available by the 
D epartm ent o f Trade and In d u s try  (SMART Award) fo r the development 
o f a com m ercial prototype. To th is  date however, due to various 
factors, no fu rth e r progress on the p roduction  o f a com m ercially 
available system has been made.
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A nnex 1
1 Preparation o f Anodic A lum ina  Membranes
1.1 In tro d u c tio n
I t  has long been observed th a t when a lum in ium  oxidizes, on its  
surface the resu lting  s truc tu re  o f the oxide is ra the r unique in  having 
cy lin d rica l pores norm al to the film  surface [1]. W ith  th is  present 
im plem entation, the anodising voltage used contro ls the pore size and 
pore density, whereas the th ickness is determ ined by the to ta l am ount 
o f charge transferred. The a b ility  to design porous film s o f 
pre-determ ined m orphology makes the anodic a lum ina  film s 
p o te n tia lly  w e ll-su ited  fo r use as porous membranes. Researchers 
have tu rned  th is  un ique phenomenon in to  a m ethod fo r the synthesis 
o f contro lled m embrane m orphology [2-9].
A  m ajor problem  w ith  th is  technique, however, is th a t the porous 
anodic a lum ina  film  layer adheres extrem ely strong ly to the 
a lu m in iu m  substrate (anode) w ith  the pore base closed by an oxide 
b a rrie r layer w h ich  is also ve iy  d iffic u lt to remove. In  order to create 
'th rough ' pores i t  is necessary to detach the film  from  its  a lum in ium  
substra te  and to  remove the b a rrie r layer [6].
N orm ally, anodic a lum ina  film s are released from  the a lum in ium  
substrate by chem ical attack, e ither by d isso lu tion  o f the residua l 
a lu m in iu m  or by d isso lu tion  o f the b a rrie r layer film  o f a lum ina  [2,3, 
5,6,8,9]. Both m ethods, and in  p a rticu la r the second, can lead to 
s ign ifican t enlargem ent o f the pores due to  p a rtia l d isso lu tion  o f the 
pore w alls.
A l . l
A nnex 1
Fum eaux e t a l [5,6,9] described a m ethod to separate the anodic 
a lum ina  film  and perforate the b a rrie r layer by progressively reducing 
the anodising voltage to a very low  value in  order to  reduce the b a rrie r 
layer th ickness and subsequently by chem ical a ttack o f the a lum in ium  
to  detach the anodic a lum ina film . The membranes produced by th is  
m ethod had an asym m etric m orphology w ith  larger pores 
interconnected w ith  sm aller pores a t the in terface o rig ina lly  adjacent to 
the a lum in ium . Membranes produced by such m ethods are however, 
lim ite d  to a lower pore size lim it (>15  nm) due to  chem ical d isso lu tion . 
Paterson e t a l [10] and M ard ilovich e t a l [ I I ,  12] have developed 
m ethods in  w h ich  a very large voltage pulse is  applied fo r a very short 
tim e to the a lu m in ium  anode a t the end o f the anodisation, th is  
removed the b a rrie r layer and separated the membrane in s ta n tly . By 
th is  m ethod the b a rrie r film  o f anodic a lum ina  was com pletely removed 
and a ll pores were opened.
The great advantage o f th is  new m ethod is  th a t i t  is  e lectrica l and so 
fu lly  quantifiab le  and does no t involve (dissolving) chem icals w h ich  
need to be applied care fu lly  and removed q u ick ly  to prevent damage or 
even to ta l d isso lu tion  o f the membrane.
1.2 Anodisation System
An autom ated anodisation system has been developed (earlier). Th is 
system enabled the p roduction  o f anodic a lum ina  film s to  be fu lly  
contro lled. I t  was designed to apply precise voltages fo r precise tim es 
and to record and m on ito r cu rren t/vo ltage  curves as a fu n ctio n  o f tim e
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du ring  the anodisation. Using th is  system it  was possible to obta in  
extrem ely reproducib le  membranes. A  schem atic representation o f the 
system  is  shown in  F igure A l . l .  The system was contro lled by an IBM  
PC com puter and a B uch ler program m able power supp ly (1000 VDC 
and 400 mA)
The anodisation cell (Figure A1.2) consisted o f a m eta llic  conta iner 
coated w ith  a chem ically res is tan t in su la tin g  va rn ish  to  isolate the 
electrolyte so lu tion  and to prevent e lectrical leakage. The volum e o f 
electrolyte so lu tion  used in  the cell was approxim ately 2 litre s . A  
re frige ran t therm ostated ba th  (G rant LTD-20) was fille d  w ith  d is tille d  
w ater w h ich  c ircu la ted th rough  the w alls o f the anodisation b a th  and 
was used to  con tro l the tem perature du ring  the anodisation (usua lly 
m ainta ined at 10 °C).
A  c ircu la tio n  pum p o f PTFE was designed and constructed to s tir  the 
electrolyte so lu tion . The tem perature difference between the d is tille d  
w ater in  the refrigerated c ircu la to r ba th  and the electrolyte so lu tion  
was never more than  0.1°C. Two electrode holders also constructed 
from  PTFE were used to support a p la tin u m  mesh cathode (10x10 cm) 
and an a lum in ium  anode. Typ ica lly an a lum in ium  electrode was ( 5 x 5  
cm  w ith  approxim ately 8 cm^ o f exposed area). The distance between 
the p la tin u m  mesh cathode and the a lum in ium  sample was typ ica lly
2.5 cm.
1.3 Preparation o f Anodic F ilm s
Anodic a lum ina m embranes were prepared by anodisation o f
A1.3
A nnex 1
a lum in iu m  fo il, p u rity  99.999%  and 70 |im  th ic k  supplied by Johnson 
M atthey, M ateria ls Technology, UK. The a lum in ium  fo il was firs t 
degreased in  a Soxhlet apparatus using bo iling  1,1,1 -tri-ch lo ro -e thane 
fo r 30 m inutes, then cleaned u ltrason ica lly  three tim es w ith  fresh 
propanol-2-o l and fin a lly  washed in  d is tilled  water. To prepare 
m embranes w ith  precisely defined geometries the a lum in ium  was 
coated w ith  a photoresist (OFPR-800 positive resist, v iscosity 20.0 ±15 
cps, acquired from  Dynachem C orporation, UK) and was then exposed 
w ith  UV lig h t using  a m ask o f the desired geometry.
To assist the adhesion o f the photoresist on the a lum in ium  surface a 
very th in  layer o f anodic a lum ina was created using an applied voltage 
o f 40 V  fo r 2 m in. The electrolyte used was oxalic acid 3% w /w  and the 
process was perform ed a t room  tem perature. The a lum ina  coated 
electrode layer was then washed w ith  d is tilled  w ater and dried a t 140 
°C fo r 30 m inutes.
A  few drops o f photoresist so lu tion  was placed in  the centre o f the 
a lum in ium  surface, w h ich  was then centrifuged a t 1500 rpm  fo r 10 
seconds and then dried a t 70 °C fo r 20 m inutes. A  th in  un ifo rm  
coating o f photoresist was obtained by th is  m ethod.
The exposed sheet was then developed in  a so lu tion  o f te tram ethyl 
am m onium  hydroxide (TBAH 1.2%, from  Dynachem  C orporation, UK) 
fo r 2 m inutes. I t  was then washed in  d is tilled  w ater and baked a t 80, 
100, 120 and 140 °C fo r 20 m inutes at each tem perature. A fter, th is  
d ry ing  stage the rear o f the a lum in ium  was protected by a latex. A t
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th is  stage on ly the area selected fo r membrane production  was 
exposed. To re-establish e lectrical contact and in itia te  the p roduction  
o f a u n ifo rm  anodic film  layer, the in itia l th in  layer o f oxide, created 
to  assist the coating o f photoresist, was removed by d isso lu tion  using 
a so lu tion  o f (20 g CrO^, 35 m l H 3 PO4  8 8 % w /w , made up to  1.0 litre  
w ith  d is tille d  water) a t 90 °C fo r 2 m inutes.
F ina lly , the a lum in ium  was washed in  d is tilled  w ater and m ounted on 
its  Teflon holder to be anodised. The anodisation process was 
perform ed in  oxalic acid so lu tion  3% w /w , a t 10 °C under constant 
voltage conditions (the larger the voltage the larger in  pore diam eter). 
O xalic acid was chosen as an electrolyte because i t  perm its 
anodisation at low er voltages w ith  su ffic ien t cu rren t flow. A dd itiona lly , 
the pore and cell diam eters are sm aller fo r film s form ed in  oxalic acid 
th a n  fo r those form ed in  phosphoric acid.
1.4 E lectrochem ical Treatm ent
C onventionally the film  produced by the anodisation o f an a lum in ium  
sample is removed e ither by the d isso lu tion  o f the rem ain ing m etal /  
b a rrie r layer [5] or by reversing the p o la rity  o f the electrodes a t the 
fin a l stage o f anodisation [13]. In  th is  m ethod developed, the 
a lu m in ium  substrate was removed from  the a lum ina  layer by an 
electrochem ical treatm ent.
For th is  propose a power supply, capable o f producing a voltage pulse 
up to 150 V  and a t a cu rren t up to 15A was constructed. In  th is  
cu rre n t technique, the anodic film  produced together w ith  its
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a lum in ium  substrate was dipped in  a m ixtu re  o f perch loric acid ( 70 
m l; 72% w /w ) and acetic anhydride (130 m l 98%, d=1.08 g /m l) and a 
voltage 15 V  greater then the fin a l voltage o f anodisation was applied 
fo r 1-3 seconds. I t  was found th a t the a lum ina film  was separated 
from  the a lu m in ium  substrate im m ediately. Th is process o f separation 
also removed the b a rrie r layer a t the same tim e and is shown in  Figure 
A  1.3. The film  was then washed in  d is tille d  w ater and allowed to  d ry a t 
room  tem perature. Figure A1.4 shows a flow -chart o f the prepara tion  
process.
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Figure A l . l  Schematic Representation o f the Anodisation 
System
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2 Thermostat W ater Outlet
3 Aluminium Anode
4 Platinium Mesh Cathode
5 Stirring Motor
6 Electrolysis Bath
7 Circulating Pump ( PTFE)
8 Thermostat W ater Inlet (10 C)
9 Electrolyte Solution
Figure A1.2 Schematic Representation o f the A nodisation Cell
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(a) A n o d ic  film  w ith  a lum in ium  







A n o d ic  a lu m ina  m em brane  
a fte r rem ov ing  a lum in ium  
and the  b a rrie r la ye r
Figure A1.3 Representation o f an anodic a lum ina film  w ith
(a) asym m etric pore s tructu re  created by reduction o f the 
anodisation voltage, a cross-sectional view (b) anodic film  
w ith  an im perm eable ba rrie r layer and a lum in ium  substrate 
s till in  place, (c) the ba rrie r layer and a lum in ium  have been 
removed and a porous anodic a lum ina m embrane is 
produced.
A 1 .9
A n n e x  1
Variab le voltages
Rem oval of the initial layer
Prelim inary anodisation
Anodisation  
(3%  oxalic acid, 10 °C)
Coating of photoresist 
U .V  Exposure
Alum inium  pre-treatm ents
Separation of AA  
from  alum inium  anode
By chem ical disolutionBy electrochem ical
Figure A1.4 F low -chart fo r the preparation o f anodic 
a lum ina film s
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